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A B S T R A C T 
This theis describes the construction and operation of a neon 
helium streamer chamber. The design of a fast high voltage pulsing 
system, which ut i l ises the energy stored in a water dielectric 
capacitor and has been charged by a Marx generator, is discussed 
in detai l . 
The performance of the system is examined and i t s characteristics 
are investigated particularly where they are relevant to i t s use as a 
particle detector. A s ta t i s t ica l model has been programmed and is 
used to predict and interpret the results obtained directly from the 
streamer chamber. The agreement between theory and practice is found 
to be good. 
The spacial accuracy of the device is measured and i t s resolution 
estimated. No significant sensitivity to ionisation has been found 
but a time resolution of less than 1 /^ sec appears feasible. 
Suggestions to improve the streamer chamber system are made and 
proposals for a second generation streamer chamber are given. 
1 
C H A P T E R ONE 
INTRODUCTION 
Particle detectors which rely on the principle of a gaseous 
discharge for their operation form a range of instruments which 
f ind application in every branch of radiation physics. They f a l l 
into two main subdivisions but in a l l cases consist essentially of 
a volume of gas to which an electric f i e l d may be applied. 
The constituents of the gas and the variation of the applied f i e l d 
both spatially throughout the gas and temporarily decide the nature 
of the detector. 
1 . 1 . Primary Detectors 
Primary detectors are capable of responding independently to a 
particle which traverses their sensitive volume. The simplest type 
is the ionisation chamber in which the electron-ion pairs, created 
by tie particle to be detected,, are swept out of the volume of the 
detector by a clearing f i e l d of a few volts per centimetre and the 
ionisation current is measured direct ly. 
I f the applied f i e l d is increased>usually by making the anode 
from a f ine wire or system''of wires, then, a controlled amount of 
gas amplification may take place and a current pulse, with i t s ' 
height proportional to the in i t ia l ionisation density, is produced. 
Although proportional counters have been known for many years, 
interest in this type of detector has been revived by the development 
of multiwire proportional chambers ( l ) . 
Increasing the f i e l d s t i l l further leads to breakdown of the gas 
around the anode. This propagates by ultra violet ionisation along 
the wire. The output pulses lose their proportionality but may be 
of several tens of volts and can be handled by very simple electronics. 
These Geiger counters have been perhaps the most important of a l l 
detectors u n t i l recently supe^^ ld . by the sc in t i l l a t ion counter. 
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1.2. Secondary Detectors 
The secondary detectors to which the streamer chamber is the latest 
edition are incapable of detecting particles without f i r s t being triggered 
by a primary detector. The most significant difference between the 
two groups of detectors is that the electric f i e l d applied to the sensitive 
volume of a secondary detector is in the form of a pulse. The characteristics 
of the detector are decided principally by the amplitude and duration of 
th is pulse and by' the geometry of the electrodes. 
In 1957 Cranshaw and de Beer (2) applied 7kV pulses Of 1/i sec 
duration to a pair of parallel plate electrodes separated by 1 mm of 
air at NTP. I f the pulse was applied within a few microseconds of the 
passage of an ionising particle through the plates > then a spark formed 
at the point of passage. Such a spark chamber is capable of f ix ing the 
coordinates of a particles trajectory in two dimensions to within 1 mm 
and the th i rd may be found by using a stack of several chambers. 
One significant advance since this prototype has been the use of 
noble gas f i l l i n g s to replace the a i r . Neon is the most popular gas 
and has a breakdown voltage of only ~1.5 kV/cm. Chambers with 
interelectrode gaps of 1 cm may be constructed and driven by pulses 
of only 4 to 5 kV. The to ta l ionisation produced in such a chamber 
by a minimum ionising particle is about 30 cm ^ which contributes 
to the high efficiency of such devices and the discharges produced 
have a usefully high visible l ight output. Helium has many of tho 
electr ical advantages of neon and is much cheaper but the ionisation 
density produced in i t is about f ive times less than in neon. The 
manufacturing process of neon is such that a mixture of 70% neon and 
30%helium is the most readily produced and i t is this gas which is most 
used in spark chambers. 
Several types of spark chamber have evolved from this basic form. 
These are summarised in Figure 1.1. Part a) of this figure shows the 
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simple form described above. The re are several ways of extracting the 
coordinates of the spark from such a chamber. The most obvious way 
is to photograph the spark but each frame must be analysed by hand at 
a later date. For real time analysis an on-line system is essential 
and maybe of the closed c i rcu i t television type (3) the sonic type ( A ) 
or, as is more often the case in recent years, the magnetostrictive 
type (5). In the lat ter the electrodes are in the form of parallel 
wires about 1 mm apart. The spark causes a high current to be drawn 
along a pair of wires which induces a magnetostriction in a magneto-
st r ic t ive wand placed under the ends of the wires..The constriction 
travels along the wand with the velocity of sound and i t s transit 
time is a measure of the coordinates of the wire. 
I f the gap between the electrodes of a conventional parallel 
plate spark chamber is increased to more than 10cm and the amplitude 
of the high voltage pulse is also increased to maintain the same 
f i e l d in the gas, information concerning the th i rd coordinate of the 
particle 's trajectory may be extracted (6). This device is known 
as the track spark chamber,Figure 1.1b. For angles 6 less than about 
45° the line of the spark w i l l follow the trajectory of the particle 
but for angles greater than this the discharge breaks up into several 
sparks and the information is lost . 
In the projection chamber Fig. 1.1c the electrode spacing is 
again about 1 cm but the particles are allowed to traverse the chamber 
at r ight angles to the applied f i e l d (7). A series of sparks form 
along the particle trajectory,each starting from a different group of 
electrons. The track is displayed in a two dimensional projection and 
yields a greater track length than a simple spark chamber of similar 
size but the acceptance of the device is much lower and a stack of 
chambers must again be used to produce three dimensional information. 
As many sparks are produced in a single chamber along one particle 
track» the projection chamber must have a high multi-track efficiency.) 
This is achieved by insulating the gas, and hence the sparks, from the 
electrodes and so preventing the removal of the high voltage pulse by 
the f i r s t spark to cross the gapo In this chamber the electrodes must 
be made transparent, either by making them from closely spaced wires 
or a conducting thin f i l m 9 to allow photography of the projected image.. 
The streamer chamber combines many of the features of the track 
and projection chamber. The electrode spacing is usually between 5 
and 30 cms and the gas is enclosed in a transparent box placed between 
them. Particles are allowed to traverse the box in any direction as the 
streamers chamber is a true three dimensional track locator. Within a 
few microseconds of an event an electric f i e l d is applied to the gas 
but is removed after only 10 to 20 nsec while the discharges are only 
a few millimetres long and have not crossed the gap between the electrode 
The resultant track Figure l . l d is seen as a series of streaks looking 
perpendicular to the line of the applied f i e l d and as a series of dots 
looking parallel to the f i e l d . Such a detector was f i r s t constructed by 
Chikovani (8) ( and Dolgoshein (9)) who applied pulses of 200kV to a 
box measuring 100 x 100 x 19cm which contained neon at NTP. The pulse 
lasted about 40nsec and produced photographable streamers about 1 cm long.. 
Since then the development of streamer chambers has taken two main 
paths. The f i r s t of these is that followed by the large accelerator 
groups. These are intended primarily as replacements for the bubble 
chamber?tend to be large, complex and expensive and are used mainly fo r 
track location ( l 0 ) ( l l ) o The high voltage pulse necessary to power 
such chambers is normally produced by a Blumlein line which has been ' 
pulse-charged from a Marx generator. 
The second path has been towards much smaller devices driven by 
fast-discharge Marx generators (12). The streamers produced in these 
chambers are usually much shorter, and hence less bright, than those 
5 
produced in the larger chambers and must be photographed via an 
image intensif ier . Such chambers can be used to study the streamers 
themselves and the characteristics of particles other than their 
location, for example their ionisation. The considerable differences 
in size and photographic technique between the two types of chamber 
make the extrapolation of data, concerning the properties of streamers 
and particle tracks, from the smaller to the larger systems d i f f i c u l t 
and often inaccurate. 
The streamer chamber which is the subject of this thesis was 
intended to bridge the gap between the two lines of development. As 
this was the f i r s t streamer chamber to be bui l t within the department 
i t was decided to use a neon helium gas mixture f i r s t , a-s many of i t s 
parameters are well known, and to use the information gained to proceed 
to more sophisticated systems and more complex gas mixtures in the 
future. This thesis describes the design, construction and performance 
of this f i r s t streamer chamber. I ts size was chosen for i t to be 
useful not only as a track detector for cosmic rays, with which the 
development is closely associated, but also as an instrument which 
would yield information concerning the formation of streamers along 
the trajectory of particles, i n particular where i t is relevant to 
i t s role as a detector. Effor ts were made to reduce the size and 
complexity of the pulsing system and to develop an instrument which 
is both straight forward and rel iable. 
6 
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C H A P T E R TWO 
THEORETICAL DESIGN 
2.1 Introduction 
Having decided to construct a neon helium streamer chamber the 
requirements of such a system must be evaluated. In the following 
chapter i t s mode of operation and the theoretical design of the 
relevant component parts is described. 
2.2 The Basic Breakdo_wn_Proce^§ 
To decide the duration and amplitude of the high voltage pulse 
which w i l l drive a streamer chamber i t is necessary to consider the 
processes involved in streamer generation ( l ) , (2). Consider an 
electron i n a volume of neon gas at NTP. Kinetic theory has shown 
that i t i s coll iding with the neon atoms with a frequency of about 
10 collisions/second and moves with an average random velocity of 
V. / • 
about 10 cm/sec. I f an electric f i e l d is now applied to the gas the 
electron w i l l acquire a d r i f t component to i t s velocity towards the 
anode. I f the f i e l d is large enough for the electron to aqquire 
suff ic ient energy from the f i e l d between collisions to ionise a neon 
atom then the number of electrons w i l l increase» This increase is 
described by Townsend's f i r s t ionisation coefficient Ot , defined as 
the mean number of ion pairs created by one electron per centimeter 
of i t s path travelled in the direction of the f i e l d . Thus the number 
of electrons n grows as 
n = exp (ax) = exp(avt) 2.1 
where x is the d r i f t distance of the electron in the direction of the 
f i e l d , v is the d r i f t velocity of the electron (~10 cm/sec) and t is 
time. The values of a for both neon and helium are strong functions 
of f i e l d and are shown in Figure 2.1 and Figure 2.2 (3) , (4). During 
this process (n- l ) positive ions are produced which d r i f t towards the 
3 
cathode but with a velocity which is typically 10 times slower than 
that of the electrons. Because of the short times involved i n streamer 
generation, <20n sec, the positive ions w i l l be considered stationary. 
Vfe For Neon 
I I 
cm Torr 
O.l 
I I 
IO 15 20 25 
Volts/cm/Torr 
Figure 2.1 
For Helium 
I 
cm Torr 
O-l 
I ! i I 
IO 15 20 25 
Volts/cm/Torr 
Figure 2.2 
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Thus the positive ions create a space charge behind the advancing electron 
avalanche. 
As the electron cloud grows i t also diffuses radially outward and 
85% of the electrons can be shown to be contained within a sphere of 
radius r where 
r = /4Dt 2.2 
D is the d i f fus ion constant for electrons i n neon and has been shown 
2 / 
to be 1800 cm"/sec for zero f i e l d ( l ) , (2) and this time. When the 
distance d r i f t ed by the avalanche approaches 1 mm, which occurs in 
<10 nsec for neon at NTP and applied fields of 20 kV/cm, the number 
of electrons approaches 10 „ At this point the magnitude of the f i e l d 
at the surface of the avalanche due to the electrons is of the same order 
as that of the applied f i e l d and constitutes the end of the avalanche 
phase of the discharge. The distance drif ted by the electrons at this 
stage is known as the Meek length, ( 5 ) . 
During the avalanche growth photons are produced from atoms which 
have been excited rather than ionised by the d r i f t i n g electrons. 
Rttither ( l ) has shown that the number of photons emitted by an avalanche 
is approximately equal to the number of electrons contained therein, 
g 
Therefore 10 photons may be expected from an avalanche which has 
attained the Meek length. This is too few to permit conventional 
photography and so the discharge must be allowed to continue further. 
The separation of the electrons from the .positive ions produces 
a region of reduced f i e l d between them which retards the discharge, 
however a complementary region of high f ie ld is produced immediately 
in f ront of and behind the avalanche. The experiments of Mohler $P) 
and the theory of Lozanskii (#) have shown that ionisation may be 
produced by photons from an avalanche in the surrounding gas. • Electrons 
which are produced i n the high f i e l d region w i l l multiply rapidly by 
col l is ion and the photon f lux w i l l increase thus causing a rapid increase 
i n the velocity of the discharge which now progresses towards both anode 
and cathode. This is known as the streamer mechanism. Figure 2.3 and 
9 
Figure 2.4 show the velocity of such streamers in neon as a function of 
applied f i e l d and streamer length obtained by Davidenko et a l . (6) , using 
an image in tensi f ier and high speed photography. As the number of 
electrons contained i n , and hence the number of photons emitted by, a 
? 3 
streamer which is a few millimeters long is 10" to 10 times that of 
an avalanche, photography of such streamers is possible using con-
ventional high speed f i l r i io 1 Davidenko et a l . have also shown (7) that 
i n neon at 600 Torr and for an applied f i e l d of 10 kV/crn the brightness 
of a streamer is an increasing exponential function of streamer length. 
Also (8) for fixed streamer length the brightness increases with f i e l d 
i n the range 10-20 kv/cm for neon 70%, helium 30% at 760 Torr. Hence 
for bright streamers which are short enough to permit accurate track 
location pulsed f ie lds of 15-20 kv/cm and of<20 nsec duration are 
required. 
2o3 Linear Field Production 
For reasons of convenience and avai labi l i ty the streamer chamber 
system was designed around a pair of sealed glass boxes containing 98% 
neon and 2% helium at 760 Torr 0 These measured 60x60x12.5 cm and were 
manufactured by the International Research and Development Company 
Limited of Newcastle upon Tyne, U.K. Chambers made from other, 
materials but of the same dimensions were also investigated and w i l l 
be described in detail in Chapter 3. 
The two chambers are mounted on either side of a central high 
voltage electrode and between a pair of earth electrodes which are 
joined on two opposite sides to give a pseudo coaxial geometry, 
Figure 2.5. The advantagesof this type of electrode system aret-
a) I t doubles the effective gap width which can be driven 
by a given high voltage pulse. 
b) I t reduces the r . f . radiation from the device. 
c) I t improves the safety of the device by to ta l ly enclosing 
the high voltage electrode. 
VELOCITY OF STREAMER CtfO OF LENGTH 4 5mm 
AS A FUNCTION OF E L E C T R I C F I E L D IN NEON 
2-5 hcIO' .8 
2.0 
1-5 
* i .oi 
cm /sec 
0.5| 
Figure 2.3 
8 IO 12 
—J 1 4 — 
14 16 18 
E Kv/cm 
20 
VELOCITY OF D IRECT (VJ*) AND R E V E R S E (VXO STREAMER 
AS A FUNCTION OF LENGTH 
IN NEON 
1*6 
V 
cm/sec 
Q-8 
Lx 10 ,8 
- E * 16.7 kV/cm 
Figure 2.4 
Length mm 
8 
i I 
F ! 
UJ 5 
UJ u 
u 
\ 
UJ 
11 
i l cc 
11 
UJ 11 
I I 
UJ 11 
11 UJ I I 
I I I I 
in 
(9 
O ) 
-/J 
a. 
10 
d) I t improves the l i n e a r i t y of the f i e l d near the edges of the 
electrodeso 
However the electrode capacity i s greater and the c h a r a c t e r i s t i c 
impedance less f o r t h i s geometry than f o r chambers mounted side by side 
and hence r e q u i r e a lower impedance source f o r the high voltage pulse. 
To f a c i l i t a t e easy manipulation of the chambers and to avoid 
contact of tho electrodes w i t h the chamber w a l l s an electrode spacing 
of 15 cm was chosen., As the streamer v e l o c i t y i s a strong f u n c t i o n of 
f i e l d . Figure 2„3, thejre must be a constant f i e l d throughout the volume 
of the chamber i f i s o t r o p i c s e n s i t i v i t y i s t o be achieved. D i s t o r t i o n s 
of the f i e l d near the edges of the electrode s t r u c t u r e make i t necessary 
t o extend the s t r a i g h t p a r t of the electrodes beyond the chamber edges. 
The degree of extension necessary was determined by the method of 
numerical r e l a x a t i o n and Poissons equation was solved f o r t h i s geometry and 
the p o t e n t i a l d i s t r i b u t i o n w i t h i n the i n t e r e l e c t r o d e gap obtained. The 
basis of t h i s method i s o u t l i n e d i n Appendix A. For t h i s method to succeed 
the area f o r which the s o l u t i o n i s required must be bound e i t h e r by a 
l i n e of known p o t e n t i a l or a l i n e of symmetry,, Therefore, i t was 
assumed t h a t the f i e l d would become l i n e a r provided the s t r a i g h t region 
of the electrodes i s extended f a r enough. The p o t e n t i a l d i s t r i b u t i o n i s 
shown i n Figure 2.6 and i s normalised t o a maximum of 100o For an 
electrode spacing of 15 cms and an overlap of the earth electrode 
of 15 cm the f i e l d i s l i n e a r to w i t h i n the l i m i t s of the c a l c u l a t i o n 
(<2%) 16 cms from the end of the high voltage electrode. The l i n e a r i t y 
of the f i e l d i s also improved by the f i t t i n g of a corona guard to the edge 
of the high voltage electrode (Chapter 3) but i t was not possible t o take 
account of t h i s using the above method. 
To permit photography of the streamers i n a d i r e c t i o n p a r a l l e l t o the 
f i e l d the r e g i o n of the electrodes covering the chambers must be transparent 
This can be done by making electrodes of wires or meshes i n t h i s rejgion or 
by coating the surface of the chambers w i t h a transparent conducting f i l m . 
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Wires were chosen f o r t h i s purpose as they are of low cost and can e a s i l y 
be replaced when damaged. 
The d i s t o r t i o n of the p o t e n t i a l d i s t r i b u t i o n produced by a system 
of i n f i n i t e l y f i n e wires placed symmetrically between two earthed planes 
and separated from each other by 0.08 of the distance t o the earth planes 
i s shown i n Figure 2.7„ The p o t e n t i a l on the wires i s normalised to 1000. 
The p o t e n t i a l d i s t r i b u t i o n i s seen to have relaxed to w i t h i n 0»1% of t h a t 
which would be produced by a plane electrode two wire spacings i n t o the 
gap. As the wire used was of f i n i t e diameter and the r a t i o of wire spacing 
to gap width was 0.066, the d i s t o r t i o n of the f i e l d produced by the wires 
i s considered to be even less than t h a t shown i n Figure 2.7. 
I t can be seen from Figure 2o5 t h a t the electrodes are tapered 
toward the i n p u t end. This i s to improve the impedance match w i t h the 
high voltage pulse generator and to ensure an i s o t r o p i c d i s t r i b u t i o n of 
the pulse. The angle of taper i s 45° and i s the smallest angle which can 
be accomodated i n the a v a i l a b l e space. The r e s u l t a n t electrode i s I80cms 
l o n g , 120 cm high and 30 cms deep. The c h a r a c t e r i s t i c impedance of such 
a s t r u c t u r e as given by the 'radio formulae' (9) is30ftand i t s capacity 
i s 200pf. As the pulse t r a n s i t time of the e l e c t r o d e s , ~ 8nsec, i s 
comparable w i t h the applied pulse length they should e x h i b i t both the 
p r o p e r t i e s of a transmission l i n e and a capacity. I n p r a c t i c e the l a t t e r 
was found to be the dominant parameter. 
2.4 The High Voltage Source 
With an i n t e r e l e c t r o d e gap of l b cms and a required f i e l d of up 
to 20 kV/cm a high voltage pulse of between 250 and 300 kV. i s required. 
Sources of d i r e c t c u r r e n t a t such amplitudes have been used to power 
pu l s i n g systems ( 3 ) , ( 1 0 ) , but these tend t o be large and expensive and 
were considered unsuitable i n t h i s case. The most convenient way of 
generating high voltages when the output i s required i n the form of a pulne 
i s the Marx generator ( l l ) j ( 1 2 ) , (13). 
Figure 2.8a shows a simple three stage Marx generator© A number s 
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n, of c a p a c i t o r s , C, are charged i n p a r a l l e l t o a high voltage ,U ,via a 
chain of r e s i s t o r s R. By means of a series of switches, usually spark 
gaps> the capacitors are connected r a p i d l y from p a r a l l e l t o series thus 
causing an output pulse of amplitude nU to be produced across the 
load R^ Figure 2o8b„ S i m i l a r l y the output capacity of the c i r c u i t i s 
C/n. The operation mechanism i s as f o l l o w s s -
I f the f i r s t switch i s close by a t r i g g e r pulse a step pulse of 
amplitude U i s applied across the remaining elements of the c i r c u i t and 
a pulse appears at the output with a decay time ^ = rrf where Cg i s 
the capacity of one spark gap. This discharges the condensers G by a 
small amount and charges the remaining n-1 spark gap capacities by 
about . S i m i l a r l y i f the f i r s t two gaps are t r i g g e r e d then the 
2U 
over voltage i s about » Thus when only a few of the gaps of 
a generator w i t h large number of stages have broken down,the over 
voltage of the remaining gaps w i l l be small,and f o r large R ^ j w i l l take 
a long time t o develop and the generator may even f a i l to operate,. 
As more gaps breakdown the over voltage on the remaining gaps increases 
and the output voltage V increases accordingly Figure 2.8d. The 
i n t r o d u c t i o n of coupling capacitors C\ Figure 2.8c,or r e s i s t o r s (l4)» 
s 
produces a low impedance discharge path which allows the over voltage 
of the second gap by 100%, independantly of the number of stages i f 
the f i r s t gap i s broken downo For successful operation the c o n d i t i o n 
Cg« C s « C must be s a t i s f i e d . I f the discharge i s t o proceed i n an 
over v o l t e d gap an e l e c t r o n must be present i n the high f i e l d r e g i o n 
between the electrodes. Such electrons can be produced i f the spark 
gaps are placed i n l i n e of s i g h t a l l o w i n g photoelectrons to be released 
from the electrode by u l t r a - v i o l e t photons from the gaps which have 
already f i r e d . I n very f a s t generators, where the t r a n s i t time of the 
l i g h t i s s i g n i f i c a n t , e lectrons can be supplied by a corona discharge 
from a t h i r d sharply pointed electrode placed perpendicular t o the 
l i n e of the spark and maintained a t a high v o l t a g e , usually about 
h a l f t h a t across the gap. Marx generators of t h i s type have been used 
13 
t o d r i v e streamer chambers d i r e c t l y (13, ( 1 5 ) , however i n order t o 
o b t a i n very short pulses the generator must be of small physical 
dimensionso This leads to a low output capacity and such generators 
are s u i t a b l e f o r d r i v i n g OL high c h a r a c t e r i s t i c impedance (>10Cfi ) or 
low capacity. I n order to d r i v e the 30ft electrodes described i n the 
previous s e c t i o n a generator of higher output capacity i s necessary. 
The increased inductance and capacity of such a system make the pulses 
produced too long to be u s e f u l i n streamer production d i r e c t l y and a 
pulse shaping network i s required t o shorten them 0 
Many a l t e r n a t i v e ) novel and ingeneous mechanisms have been 
developed f o r generating high voltage impulses* i n p a r t i c u l a r by 
J.C. Martin ( 16) (AWRE) and by F i t c h and Howell (17). These usually 
r e l y on the p r i n c i p l e of e l e c t r i c vector i n v e r s i o n by which the Marx 
generator operateso The 'DC' Marx employs an LC resonance c i r c u i t 
i n a l t e r n a t e stages and the stacked transmission l i n e generator uses 
the t e r m i n a t i o n e f f e c t s of transmission l i n e s t o produce the necessary 
vector i n v e r s i o n . Triangular pulses of 750 kV have been produced from 
a ' s p i r a l * generator w i t h a volume of less than 10 l i t r e s * However* 
the conventional Marx generator i s s t i l l the most r e l i a b l e and widely 
used pulse generator. 
2.5 Pulse Shaping 
The simplest way to shape pulses from large Marx generators, and 
t h a t used by the e a r l y workers i n the f i e l d (18) i s the shunt or 
'crowbar 8 spark gap. B a s i c a l l y the generator i s connected d i r e c t l y 
t o the chamber and the pulse cut o f f , while i t i s s t i l l r i s i n g , by 
shunting i t t o ground with a spark gap which f i r e s by simple overvoltage 
However the r i s e time of the generator i s s t i l l long (15-25 nsec), 
and very short pulses of high amplitude cannot be generated by t h i s 
method even i f the shunting gap can remove the pulse w i t h i n a few 
nanosecondso 
A more so p h i s t i c a t e d pulse shaping system i s the Blumlein l i n e (S) 
14 
a transmission l i n e device o r i g i n a l l y developed f o r radar and f l a s h X-ray 
work. The l i n e may be charged from a D.C. supply or pulse charged from 
a Marx generator and produces a square pulse, equal i n amplitude to the 
charging v o l t a g e , across a matched load. The length of the pulse i s 
equal to twice the t r a n s i t time of the l i n e . Coaxial Blumlein l i n e s 
have been used at SLAG, DESY and CERN but because of the size of such 
a device and the complexity of i t s c o n s t r u c t i o n a more compact e a s i l y 
made pulse shaper was designed f o r the streamer chamber which i s the 
subject of t h i s t h e s i s . 
2o6 Design of the Pulse Shaper 
The method used to shape the pulse i s t h a t of the p a r a s i t i c 
c apacitor Cp. A very low inductance high voltage capacitor i s charged 
from the output of the Marx generator and t h i s i n t u r n i s discharged 
onto the electrodes by a series spark gap. The low inductance of the 
capacitor Cp and the high speed of the spark gap give the low r i s e times 
necessary f o r short pulse generation? Such a pulse shaping c i r c u i t 
i s shown i n Figure 2.9. 
Series spark 
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where C , L and R are the capacity inductance and resistance of the m m m r * 
Marx generator respectively,. 
Cp and R aro tho capacity and leakage resistance of the p a r a s i t i c 
c apacitor. 
C^,L and R are the ca p a c i t y , inductance and resistance associated 
J c c 
w i t h the discharge of the p a r a s i t i c capacitor onto the chamber electrodes 
and R^ i s the t e r m i n a t i n g resistance of the electrodes. 
The values of C ,C and the output voltage of the Marx generator p rn f a y 
V are decided by the energy and voltage t r a n s f e r e f f i c i e n c i e s from one 
capacitor t o the nexto I f the charge due to a voltage V"m on i s shared, 
by both C.fl and i n p a r a l l e l then, by charge conservation, the voltage 
V on C i s P P 
C V 
p C +C l ' 6 
p m 
S i m i l a r l y f o r a voltage V on G shared by G and G i n p a r a l l e l the 
p p P c 
voltage on V c i s 
C V 
V c - ^ 2. A 
c p 
Combining equation 2.3 and 2.4 the voltage t r a n s f e r e f f i c i e n c y from 
C to C i s given by m e J ' 
V C C 
A V (C -K3 )(G +C ) 
m c p p m 
The equation V = f(C ) has a maximum value a t 
P 
G = / C C 2.6 
p v m c 
This value of C i s the most e f f i c i e n t i n t r a n s f e r r i n g voltage from 
the Marx generator to chamber electrodes using the c i r c u i t i n Figure 2.9. 
As the capa c i t i e s are f i x e d t h i s i s also the optimum value f o r energy 
t r a n s f e r . Figure 2.10 shows the energy and voltage t r a n s f e r e f f i c i e n c i e s 
A£ and AV from C^ to G(> using the optimum value of C^ given by Equation 
2.6. I t can be seen t h a t the energy t r a n s f e r e f f i c i e n c y has a broad 
maximum at C /c = ]£> i . e . C = C • C 0 This i s the condition f o r <• m c p m 
r 
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the most e f f i c i e n t energy t r a n s f e r and corresponds to the Marx w i t h the 
l e a s t number of capacitors necessary t o drive tho streamer chamber. 
Unfortunately AV a t t h i s p o i n t i s only 0.25 and f o r a 30ORV pulse 
across C would require an output voltage of 1.2MV from the Marx 
generator» This i s considered inconveniently high. The a l t e r n a t i v e 
of maximising the voltage t r a n s f e r e f f i c i e n c y AV would require an 
i n f i n i t e l y large and C^ . As a compromise the product of the energy 
and voltage t r a n s f e r e f f i c i e n c i e s was maximisedo A graph of t h i s 
Q 
parameter against _c i s also shown in Figure 2.10 and i s marked 10A EA V. 
Cm 
The scale i s m u l t i p l i e d by 10 f o r convenience of d i s p l a y 0 The maximum 
q t h e r e 
of t h i s curve l i e s a t _c = 0.25 0 ^ i s now down by 30% but t h e i r i s a 
cm 
corresponding increase of about 80% i n AV. Using the value of 200pf 
f o r C obtained e a r l i e r we f i n d f o r V =300kV c c 
C =400pf V =425kV P P 
C -800pf V =*666kV m m 
As e r r o r s i n the value of C may e a s i l y arise when constructing capacitors 
to withstand such high v o l t a g e s , the e f f e c t of the departing from the 
optimum value given by Equation 2.6 i s shown i n Figure 2»11 f o r Gm=4Gco 
I n the above discussion only the 'static'' t r a n s f e r of charge from 
one capacitor t o another has been considered. I n the streamer chamber 
t h i s w i l l be done w i t h i n a few nanoseconds and the actual voltages 
produced depends on the t r a n s i e n t response of the c i r c u i t . For the 
purpose of analysis the c i r c u i t i n Figure 2.9 can be s p l i t i n t o two loops. 
The f i r s t i s t h a t i n v o l v i n g the t r a n s f e r of charqe from G to C the 
3 a rn p 
second t h a t from C to C » Both c i r c u i t s are of the type shown i n P c 
Figure 2.f2a. The s o l u t i o n f o r the voltage across G enclosing switch S 
f o r an i n i t i a l voltage V Q on C1' has been obtained ( 3 ) , ( l 9 ) > but the 
equation i s long and d i f f i c u l t to handle* The main features of the 
t r a n s i e n t may be obtained from the analysis of two simpler c i r c u i t s 
Fiquac 2.12b & c. Tho so l u t i o n s f o r the voltage across C enclosing 
switch S are given below t h e i r respective c i r c u i t s , , Less than c r i t i c a l 
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damping i s assumed i n both caseso The s o l u t i o n f o r greater than c r i t i c a l 
damping f o r b i s found by r e p l a c i n g s i n with sinh i n the equation given. 
C i r c u i t b i s equivalent to the voltage t r a n s f e r from t o the electrode 
s t r u c t u r e i f t h o i r c h a r a c t e r i s t i c impedance wore the dominant parameter 
and c i r c u i t C i s equivalent t o the voltaqe t r a n s f e r from C t o C i f M y m p 
the leakage resistance of C i s largeo This s o l u t i o n i s a damped 
p v c i 
o s c i l l a t i o n about a mean value of /r~£ \ which was used i n Fig. 2.1. 
^ p in 
I f L i s l a rge or R small the peak value of t h i s o s c i l l a t i o n approaches 
twice t h i s value and so a separate inductance of 10fiH i s added between 
the Marx generator and the p a r a s t i c capacitor G^ . This increased 
inductance also slows down the r i s e time on C and relaxes the 
P 
r e s t r i c t i o n s on the f i r i n g time of the series spark gap i f a consistent 
f i r i n g voltage i s to be maintained. Tho expected waveform across C^ 
on f i r i n g the Mfrx generator i s shown in Figure 2.13 (R=9f!. ). Also shown 
i s the expected loss of charge through the leakage resistance of the 
capacitor usedo For maximum e f f i c i e n c y the series spark gap i s set 
to f i r e on the f i r s t peak of the o s c i l l a t i o n and the pulse which drives 
the chamber i s produced by the decay of the charge on C through R.o 
P 
Even i f the spark gap does f i r e on t h i s peak there s t i l l remains, f o r 
cases other than C =C , a f i n i t e voltage on the Marx generator. Figure 2.14 
v m c c 
shows t h a t s t i l l remains f o r ^ =2.0 and as zero damping i s assumed 
m 
t h i s f i g u r e w i l l be an underestimate. As t h i s surplus charge decays 
through R, v i a the 10/zH inductance an undesirable long a f t e r - p u l s e i s 
developed across the streamer chamber. This pulse must be removed by 
a second 'shunt* spark gap connected d i r e c t l y across which f i r e s by 
overvoltage during the f a s t pulse from the p a r a s t i c capacitor. 
The increases i n the voltage t r a n s f e r e f f i c i e n c y produced by tho 
use of a 10/iH inductor allows the use of a Marx generator of lower 
output voltage. Hence the parameters of the pulsing system may be 
summarised thuss-
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G = 800 + lOOpf V = > 450 kV m ~ m 
G • 400 + 50 pf V = > 400 kV P ~~ P 
G = 200 + 100 pf V * 300 -»• 50 kV 
The requirements of a streamer chamber pulsed by a pulse shaper 
of the p a r a s t i c capacitor type of network have been discussed and i n 
the next Chapter the c o n s t r u c t i o n of such a device i s described. 
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C H A P T y R T 11 R E E 
CONSTRUCTION 
3.1 I n t r o d u c t i o n 
I n the preceding chapter the design of the streamer chamber has 
boon described and the parameters of I t s various parts calculated. 
The f o l l o w i n g pages w i l l show how these ideas were put i n t o practiceo 
3.2 The Marx Generator 
The Marx Generator comprises e i g h t capacitive stages each capable 
of being charged t o 60kV g i v i n g a s t a t i c output voltage of +480kV<> For 
an output capacity of 800pf t h e r e f o r e , a stage capacity of 6400pf i s 
requiredo The most convenient way to store energy at t h i s voltage i s 
to use barium t i t a n a t e capacitors which, because of the high r e l a t i v e 
d i e l e c t r i c constant of t h i s m a t e r i a l ( > 3 0 0 0 ) , combine high capacity 
w i t h low volume Many types are ava i l a b l e commercially and those used 
were manufactured by S t e a t i t e and Porcelain Products Ltd. of Worcestershire 
U0K.. Each has a capacity of ISOOpf a t zero voltage and room temperature, 
and has a working voltage of 30kV. The required stage capacity and working 
voltage are achieved by using the capacitors i n two, p a r a l l e l banks of 
e i g h t , connected i n serieso The r e s u l t a n t capacitor i s charged t o + 30kV 
via chains of 2Mfi. r e s i s t o r s and the centre tap i s grounded via a 
s i m i l a r chain t o avoid an asymetric voltage d i s t r i b u t i o n caused by 
d i s s i m i l a r leakage resistances i n the two halves of the stage. A c i r c u i t 
diagram of the Marx generator i s shown i n Figure 3.1. The stage capacity 
given above r e s u l t s i n a t h e o r e t i c a l output capacity of 900pf but t h i s 
must be reduced b y ~ 10$ as the d i e l e c t r i c constant of barium t i t a n a t e i s 
a decreasing f u n c t i o n of applied v o l t a g e , age and frequency. 
The capacitors f o r each stage are mounted between three brass 
plates which then become the p o s i t i v e , e a r t h and negative electrodes f o r 
t h a t stage. The plates used are large enough t o accommodate sixteen 
capacitors i n each h a l f stage'should a generator of higher output 
capacity be required f o r some l a t e r experiment. The brass plates s l o t 
MARX GENERATOR MARK E 
Output 
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i n t o grooves i n the 2cm t h i c k perspex support frames. By comparing 
Figure 3„1 with Figure 3 02 which is a photograph of the ac t u a l generator 
one can see t h a t the component layout i s as i n the c i r c u i t diagram. The 
p o s i t i v e p l a t e of the nth stage i s immediately below the negative p l a t e 
of t h e (n+2)th stage. This gives a coupling capacity between these stages 
of 40pf and i s s u f f i c i e n t to a l l o w the r e d i s t r i b u t i o n of charge described 
i n s e c t i o n 2.3 necessary f o r r e l i a b l e operation. 
The charging r e s i s t o r s must withstand the stage charging voltage 
(60kV) during the f i r i n g of the Marx generator but f o r t h i s a p p l i c a t i o n 
need not d i s s i p a t e a continuous high power as the H.T. supply u n i t s used 
are only capable of <lmA of c u r r e n t at + 30kV. The r e s i s t o r s used are 
lMfl, 2 Watt carbon types connected i n pairs and i n s u l a t e d from the body-
of the Marx generator by enclosure i n PVC tubingo There i s a resistance 
of 30M i n the charging l i n e between each HT u n i t and the input to the 
Marx generator which l i m i t s the c u r r e n t drawn t o w i t h i n the r a t i n g of 
the H.T. u n i t s . 
The stage capacitors stand e i t h e r side of a v e r t i c a l spark gap 
column and each i s connected t o i t s respective spark gap by copper b r a i d . 
The spark gap electrodes are 16mm brass rods w i t h a hemispherical s t a i n -
l e ss s t e e l t i p of 8mm radius. This t i p l i m i t s the spark erosion which 
would a l t e r the breakdown voltage of the gap a f t e r many discharges. 
E l k o n i t e has been used f o r t h i s purpose by other workers ( l ) , but the 
r e l i a b l e performance of the s t e e l over two years i n d i c a t e s t h a t i t i s 
not necessary at the low r e p e t i t i o n rates used here ( <2/min). Each 
spark gap electrode i s sealed by an "0* r i n g i n t o the w a l l of a 10 cm 
diameter c y l i n d r i o a l perspex pressure vessel. The spark gap separation 
i s f i x e d a t l3mms a distance which was decided by experiments on a single 
t e s t spark gap and gives breakdown over the desired range of voltage. 
The perspex c y l i n d e r i s sealed a t each end by an '0' r i n g and a perspex 
U 
cap. Nitrogen gas i s supplied to the column through a nozzpi" i n the 
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lower cap and exits through a s i m i l a r nozzel i n the top. The column 
can be pressurised to 3 atmospheres (absolute) of ni t r o g e n (oxygen f r e e ) 
and the breakdown voltage of the gaps c o n t r o l l e d accordingly. This 
arrangement of the spark gap allows t h e i r d i r e c t i l l u m i n a t i o n by U.V 
photons from thor.e gaps which have already broken down (section 2.3) 0 
The Marx generator i s t r i g g e r e d by a t r i g a t r o n type spark gap i n 
the f i r s t stage of the generator. An insulated tungsten p i n passes 
through a hole i n the centre of the p o s i t i v e H.T e l e c t r o d e , the end 
of the p i n being f l u s h w i t h the end of the electrode. To t r i g g e r the 
Marx generator a 15kV pulse i s applied to the p i n causing breakdown 
to the surrounding electrode a t i t s t i p . The r e s u l t i n g plasma then 
d r i f t s i n t o the gap between the main electrodes and breakdown of the 
f i r s t gap, and consequently the generator as a whole.ensues.. .'• As the 
t r i g g e r electrode i s charged t o the p o s i t i v e H.T. voltage p r i o r t o f i r i n g 
i t i s decoupled from the t r i g g e r i n g c i r c u i t s by a 500pf capacitor. This 
l i m i t s the amount of energy which can be dissipated i n the t r i g g e r i n g 
spark t o t h a t stored i n the 50Opf capacitor but no d i f f i c u l t y was found 
i n t r i g g e r i n g the generator by t h i s method. The use of a separate 
t r i g g e r i n g spark gap ( l ) , t r i g g e r i n g pulses applied d i r e c t l y t o the ' 
f i r s t spark gap (3) and the t r i g g e r i n g of more than one stage are 
considered unnecessarily complex f o r t h i s a p p l i c a t i o n . 
A l l feeds to the Marx generator are taken via couplings on i t s 
upper surface to ease disconnection from supplies and the 18mm 'Tufnol' 
base board i s f i t t e d w i t h s t e e l eyes f o r connection t o a h o i s t which 
i s used t o l i f t the generator i n t o and out of i t s i n s u l a t i n g tank of 
o i l . The tank measures 90 x 60 x 90 cms and contains 450 l i t r e s of 
transformer o i l . A clearance of more than 15 cms i s allowed-on a l l 
sides of the generator g i v i n g greater than 50% safety margin against 
breakdown to the side of the tank through the o i l . 
The output of the Marx generator i s d i r e c t l y from the l a s t stage 
and i s taken v i a the top p l a t e of the support frame by a 10 fJ,H inductor 
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( s e c t i o n 2 0 5 ) 0 One of the inductors used i s shown i n F i g . 3.3. Heavy 
gauge copper wire i s wound around a length of nylon tubing (6 mm bore) 
and supported down the centre of a second PVC tube (25 mm b o r e ) , the ends 
of which are sealed by the brass connectors. The outer tube i s f i l l e d 
w i t h transformer o i l t o provide i n s u l a t i o n . A s o l u t i o n of copper 
sulphate was also used and gave superior i n s u l a t i o n as the high d i e l e c t r i c 
stresses i n the s o l u t i o n are relaxed by i t s high c o n d u c t i v i t y but the 
transformer o i l was prefered as the p o s s i b i l i t y of contaminating the 
o i l i n the Marx generator tank by leakage from the inductor was eliminated. 
3.3 The P a r a s i t i c Capacitor 
The requirements of the p a r a s i t i c c a p acitor, i . e . high working 
voltage (500kV), r e l a t i v e l y high capacity (50Q p f ) and minimal 
inductance are d i f f i c u l t t o r e a l i s e using s o l i d d i e l e c t r i c s . Experiments 
w i t h these showed th a t unless special techniques are used to bond the 
electrodes t o the d i e l e c t r i c , breakdown of the l a t t e r i s i n e v i t a b l e , 
using convenient thicknesses of d i e l e c t r i c ( ~ l c m ) , by discharges which 
o r i g i n a t e i n a i r pockets between i t and the electrodes. The low r e l a t i v e 
d i e l e c t r i c constant of common s o l i d materials (2.0 <e r < 8.0) requires 
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t h a t a capacity of 400pf has a large surface area ( ~lm ) a c h a r a c t e r i s t i c 
incompatible w i t h low inductance and rapid discharge. High pressure'gas 
d i e l e c t r i c capacitors do reduce the breakdown problems but the low 
d i e l e c t r i c constant of gases ( e T ~1.0) makes them inconveniently l a r g e . 
The t h i r d a l t e r n a t i v e , t h a t of a l i q u i d d i e l e c t r i c , provides a s a t i s f a c t o r y 
answer. I n general they have high d i e l e c t r i c strength (>100kv/cm), are 
s e l f r e p a i r i n g i f breakdown does occur and l i k e gases f l o w t o f i l l 
completely the space between the electrodes thereby e l i m i n a t i n g a i r 
pockets from which breakdown may o r i g i n a t e . Several l i q u i d s have the 
desired high r e l a t i v e d i e l e c t r i c constants which are maintained t o high 
frequencies (lGHz) noteaoly glycerin(e.r=43) and water (er-80.36 a t 20°C). 
The l a t t e r was chosen because, u n l i k e g l y c e r i n , i t i s r e a d i l y a v a i l a b l e 
i s easy to handle and has a low leakage r e s i s t a n c e , the s e l f discharge 
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time f o r water being ~ 8 / i s e c . Using the c i r c u i t i n Figure 2.9 the 
discharge time T of C w i l l be greater than 8 (Usee as i t s capacity 
i s e f f e c t i v e l y greater than t h a t of the water alone by an amount equal 
t o the output capacity of the Marx generator C^ o Hence ^ p ^ n i ^ p ^ 0 
By adding a contaminant such as tap water t o the pure water t h i s time 
constant can be reduced and by making i t smaller than the breakdown 
time of the e l e c t r i c a l l y 'weakest' p a r t of the system, the dimensions 
of the pulsing u n i t may be reduced. A lower l i m i t i s of course set by 
the r i s e time of the voltage pulse on C^( ~170 nsec) and i f 
approaches t h i s value there w i l l be a serious loss of pulse height. 
The decay time used was shown i n Figure 2.13 and i s due t o a leakage 
resistance of I k ^ l , ( t = 1.2 Msec),, 
By the i n c l u s i o n of both the series and the shunt spark gap i n 
the container holding the water a l l the slowly changing parts of the 
c i r c u i t are e f f e c t i v e l y insulated.. Extra i n s u l a t i o n of the c i r c u i t r y 
between the spark gaps and the terminating r e s i s t o r s of the electrodes 
i s not necessary due t o the very short duration of the pulse i n t h i s 
r e gion. The layout of the components i n the water tank i s designed t o 
achieve the f o l l o w i n g pointso F i r s t l y t o produce a low inductance, 
feyrmetrical geometry which w i l l couple e a s i l y onto the electrode s t r u c t u r e , 
Figure ?.5, and produce an i s o t r o p i c pulse d i s t r i b u t i o n . Secondly 
to produce an e l e c t r i c f i e l d d i s t r i b u t i o n i n the water which p r o t e c t s 
the areas most s e n s i t i v e t o breakdown, i . e . the plates of capacitor 
0^ are mounted between the spark gaps thereby s h i e l d i n g the pressure 
vessels from the high f i e l d which would be produced i n them by t h e i r 
p r o x i m i t y »nd low d i e l e c t r i c constant compared with the surrounding 
water. T h i r d l y to minimise the s t r a y capacities i n the tank which 
e a s i l y a r i s e using water.. Such strays would increase the value of 
C t o greater than 400pf thus departing from the optimum c o n d i t i o n P 
C * VC~C and increase the capacity of the electrodes C where they p e r n r i c i 
pass i n t o the tank f o r connection t o the spark gaps r e s u l t i n g i n 
25 
i n e f f i c i e n t voltage t r a n s f e r and longer r i s e times. The l a t t e r s t r a y 
capacity i s reduced by d i v i d i n g the tank i n t o two compartments so t h a t 
an i n s u l a n t of low d i e l e c t r i c constant can be used i n the output section 
i f required. 
The value of C and the s t r a y capacities may not be measured using P 
conventional a.c. bridge techniques as the leakage resistance of the 
water (~lkft) i s much less than the reactance of these capacities a t the 
operating frequencies of commercial bridges ( <10kcps). However the 
desired q u a n t i t i e s may be obtained by an analogue technique* 
Now D = e Q e r E 
By Maxwells equation d i v € 6'^ E = 0 3.1 
Ohms' law may be expressed as I = o~E 
From the law of conservation of current f o r steady currents w i t h i n the 
medium d i v J = 0 
.'.div crE = 0 3 o2 
where the symbols have t h e i r usual meaning,, 
Thus from Eq.> 3.1 and Eq„ 3.2 the e l e c t r i c f l u x and current f l u x i n 
the medium are synonymous and the bulk e f f e c t s of a q u a n t i t y of l i q u i d 
f o l l o w a simple p r o p o r t i o n a l i t y . Hence a measure of the leakage 
resistance of G^, when compared w i t h the leakage resistance of a known 
capacity i n the same d i e l e c t r i c , i s also a measure of i t s capacity. 
P o l a r i z a t i o n of the d i e l e c t r i c precludes the use of a multimeter or 
s i m i l a r low voltage d.c. device and an a l t e r n a t i n g voltage which i s 
symetrical about zero must be used. The c i r c u i t i s shown i n Figure 3.5 
where Cj, and are the known capacity and i t s leakage resistance. The 
leakage resistances are found by comparing the voltage dropped across 
them w i t h t h a t dropped across a known resistance. An e r r o r i s introduced 
i n t o the measurement of by the p a r t i t i o n i n the tank which i n s u l a t e s 
one s e c t i o n from the o t h e r , but comparison with r e s u l t s taken i n a tank 
w i t h o u t such a p a r t i t i o n show them to be n e g l i g i b l e . Two brass p l a t e s 
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15 x 15 cms w i t h a 5 cm separation, expected t o have a capacity of 400pf, 
had a measured capacity of three times t h i s value due to the e f f e c t of 
s t r a y s . Their dimensions had t o be reduced t o those shown i n Figure 3 04 
to o b t a i n a value of 375pf. The upper plate measures 30 x 7 05 cms, the 
lower 7 05 x 7.5 cms and t h e i r separation i s 5 cms. Both plates have a 
0,5 cm diameter brass bar soldered around t h e i r edges and the lower, 
high v o l t a g e , p l a t e i s curved downwards where i t i s overlapped by the 
earth p l a t e t o reduce d i e l e c t r i c stress i n these regions. The stray 
capacity on the output side of the tank using t h i s arrangement was less 
than lOOpf. 
3 04. The Spark Gaps 
Both spark gaps, the series and the shunt, are b u i l t to the same 
design. They can be seen i n p o s i t i o n i n the water tank i n Figure 3.4 
and a s i n g l e gap i s shown drawn i n Figure 3 P6. The pressure vessel 
i s machined from a single block of perspex and measures 15 cms i n 
diameter and 12.5 cms i n length. The c a v i t y i s of c i r c u l a r cross section 
f o r maximum str e n g t h and minimum f i e l d d i s t o r t i o n , and the w a l l has a 
minimum thickness of 2<>5cms. The brass i n s e r t s are screwed d i r e c t l y 
i n t o the pressure vessel and each i s sealed by a single '0' r i n g . 
Stainless s t e e l hemispheres, 5 cms i n diameter,form the electrodes and 
these are connected t o the i n s e r t s by spacers of v a r i a b l e thickness which 
are used to c o n t r o l the gap separation. The distance between them may 
be v a r i e d from 0 t o 2.5 cms. Unless otherwise stated the electrode 
separation of the series gap was 1.6cms and t h a t of the shunt gap 1.3cms<> 
The breakdown voltages of both gaps were c o n t r o l l e d by pressurising them 
wi t h up t o 10 atmospheres of oxygen f r e e n i t r o g e n , a pressure above which 
the Paschen curve i s non-linear g i v i n g a smaller increase i n breakdown 
voltage f o r a given increase i n pressure. 
As was s t a t e d i n Chapter 2 i t i s necessary f o r an e l e c t r o n to e x i s t 
between the electrodes before breakdown can occur and when electrons were 
not supplied from some e x t e r n a l source the spark gaps were extremely 
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u n r e l i a b l e o f t e n f a i l i n g t o operate even when h i g h l y o v e r v o l t e d . The 
e f f e c t o f not supp ly ing an i n i t i a t i n g e l e c t r o n has been used by Schneider 
(4 ) i n the des ign o f a very f a s t p u l s i n g system w i t h sub-nanosecond 
r i s e t imes . The most convenient way o f supplying e lec t rons i s f rom 
a r ad io a c t i v e source. A 2mC sealed f o i l o f s t r on t i um 90 i s placed 
behind a 2mm hole i n the centre of one o f the e lec t rodes of each gap<» 
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Each source provides 7,4 x 10 beta p a r t i c l e s per second about 10% of 
which escape i n t o the gas between the e lect rodes where they produce 
approximate ly 300 i o n p a i r s / c e n t i m e t e r of path i n the n i t r ogen a t 
10 atmospheres pressure. This r e s u l t s i n a mean rate.-of e l e c t r o n 
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produc t ion i n excess of 10 e l ec t rons per second and the p r o b a b i l i t y 
of not f i n d i n g an e l e c t r o n w i t h i n the gap, dur ing the peak o f the 
ou tpu t of the Marx generator (~10 nsec) i s considered n e g l i g i b l e . More 
e f f i c i e n t use o f the source can be made by p l a c i n g i t on the inner 
surface of the pressure v e s s e l b u t t h i s was found t o d i s t o r t the e l e c t r i c 
f i e l d t o a degree s u f f i c i e n t t o produce sparks f rom the e lec t rodes to the 
source. 
The e lec t rodes are connected to the p a r a s i t i c capaci tor by 1.6 cm 
diameter brass t u b i n g . A lower i n t r i n s i c inductance could probably be 
obta ined by us ing metal sheets but t h i s would increase the s t r a y c a p c i t y 
i n the tank and lead t o a need f o r more complex water seals a t the tank 
boundaries than the ' 0 ' r i n g arrangement used f o r the t u b i n g . 
3.5 The Elec t rode S t ruc tu re and Terminat ing Resis tors 
The design of the e lec t rode s t r u c t u r e has already been descr ibed 
i n s ec t ion 2 .2 and i n r e a l i t y d i f f e r s l i t t l e f rom t h a t shown i n F igure 2<>5o 
The completed s t r u c t u r e i s shown i n Figure 3 .7 . The ear th e lec t rodes 
arc 6.3imn aluminium sheets, screwed onto 19mm soldered aluminium angle 
frames. The heads of the screws are a l l countersunk i n t o the in s ide 
surface of the sheet and sealed to remove any sharp po in t s which may 
lead to spurious breakdown. The h igh vol tage e lec t rode i s a s i n g l e 
2mm t h i c k brass p l a t e and l i k e the f r o n t ear th p la t e has a 60 x 60 cm 
FIGURE 3.7 
THE COMPLETED ELECTRODE STRUCTURE 
- -p 
< 
• 
\ 
" i 
28 
hole cu t f r o m i t s centre t o permi t photography. The holes are 
the d i r e c t i o n of pulse propagat ion w i t h 22 swg tinned copper wi re g i v i n g 
an o p t i c a l t ransparency of 95% a t each e l ec t rode 0 A corona guard i s 
f i t t e d t o the edge o f the h igh vo l t age plane to reduce the high f i e l d s 
produced i n t h i s r e g i o n . The guard i s a 16mm brass t u b e , s p l i t along 
i t s l ength t o a l l o w i n s e r t i o n o f the edge of the e lec t rode to which i t 
i s s o f t so ldered . The heat used i n the so lde r ing process produced severe 
b u c k l i n g o f the brass sheet but such d i s t o r t i o n s were removed by 
s t r a t e g i c a l l y c u t t i n g the p l a t e , t o remove excess m e t a l , and then r e -
s o l d e r i n g . The high vol tage e l ec t rode i s supported to w i t h i n + 2 mm 
of the mid p o i n t o f the two ea r th planes by n ser ies of perspex supports 
which also ac t as s t rengtheners f o r the e lect rode s t r u c t u r e as a whole. 
The i n t e r i o r surface i s pa in ted matt black t o reduce r e f l e c t i o n s o f the 
p a r t i c l e t r a c k s . 
The wide end o f the e l ec t rode s t r uc tu r e i s f i t t e d w i t h holes to take 
the t e r m i n a t i n g r e s i s t o r s . Standard two wat t carbon or w i r e wound r e s i s t o r s 
have been used and considered r e l i a b l e by some researchers (*}). but more than 
10/cha i n are necessary to w i t h s t a n d the 300kV pu l s e , and as the peak 
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power d i s s i p a t i o n i n the t e r m i n a t i o n i s above 3 x 10 w a t t s , t h e i r 
long term s t a b i l i t y must be u n c e r t a i n . When us ing carbon r e s i s t o r s 
i n d i v i d u a l ones were found t o burn out a f t e r on ly one or two pulses 
c r e a t i n g an e f f e c t which was not immediately not iceable but produced 
a s i g n i f i c a n t change i n the performance of the system. Also the impedance 
of most carbon o r wi re wound r e s i s t o r s tendsto become r eac t i ve a t the 
f requencies i n use here ( lO^Hz) . 
A more r e l i a b l e t e r m i n a t i o n was found to be the e l e c t r o l y t i c 
r e s i s t o r . These are simply made to the i n d i v i d u a l requirements of the 
system and c o n s i s t of a f l e x i b l e tube (e.g PVC) f i l l e d w i t h an aqueous 
s o l u t i o n of copper su lphate . Each end o f the tube i s sealed w i t h a rubber 
bung through which a 5 cm l eng th of phosphor bronze rod i s i n s e r t e d to 
make the e l ec t rodes . The r e q u i r e d connectors may then be soldered to 
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the ends of these rods. The r e s i s t o r s used here are 15 cms l o n g , 5 cms 
i n diameter and are f i l l e d w i t h ~ 0 . 1 saturated s o l u t i o n of copper 
su lpha te . Such a r e s i s t o r should be capable of d i s s i p a t i n g over l k J 
( 6 ) , w e l l i n excess of the 90 Jouleoutput o f the Marx generator . Four 
such r e s i s t o r s connected s y m e t r i c a l l y across the end of the e lec t rode 
s t r u c t u r e are used to provide the necessary t e r m i n a t i o n and have a 
combined res i s t ance of 3 5 f t . As w i t h the water d i e l e c t r i c of the 
p a r a s i t i c c a p a c i t o r measurements o f the res is tance o f the copper sulphate 
arc complicated by p o l a r i z a t i o n and contact phenomena and a s i m i l a r 
technique to t h a t descr ibed i n s ec t i on 3„3 was used to overcome them. 
The l i n e a r i t y of the res i s tance of the t e r m i n a t i o n a t h igh vol tage was 
checked by measuring the decay constant o f a known capaci ty charged 
to lOkV as i t discharged through the e l e c t r o l y t i c r e s i s t o r s . The 
res i s tance so found was the same as t h a t at low vol tage to w i t h i n an 
exper imenta l e r r o r of b%. Despite d i s t u r b i n g d i s c o l o u r a t i o n s of the 
copper sulphate s o l u t i o n and the PVC envelope, the r e s i s t o r s were found 
to be s t ab le t o w i t h i n 5% over many months o f ope ra t i on . 
3.6 The High Voltage Probe 
A copper sulphate r e s i s t o r i n the form of a p o t e n t i a l d i v i d e r 
was used i n an at tempt to measure a h igh vol tage pulse but w i t h o u t 
success as the a t t e n u a t i o n r a t i o r e q u i r e d , ~3000 / l necess i ta ted e i t h e r 
a very long high res i s tance s ec t i on or a very shor t low res i s tance s e c t i o n . 
This Is because the r e s i s t i v i t y per u n i t length of the copper sulphate 
i n both sec t ions must be equal i f t h e i r s t ray capac i t i e s are to a t tenuate 
i n the same r a t i o as t h e i r r e s i s t a n c e s , thereby g i v i n g a l i n e a r response 
a t h igh f requenc ies ( > 1 0 0 Mcps). Reactive compensation i s o f course 
poss ib le but l a r g e l y i n e f f e c t i v e where the a t t enua tor i s s i t u a t e d i n an 
e l e c t r i c p o t e n t i a l d i s t r i b u t i o n produced by surrounding ob jec t s which 
d i f f e r s f rom t h a t produced by the c u r r e n t i n the probe. Much grea ter 
success was experienced w i t h a t r ansmiss ion l i n e probe Figure 3 . 8 , ( 7 ) . 
A t h i r d e l ec t rode i s placed between the p a r a l l e l p la tes of the e l ec t rode 
system. When a h igh vol tage pulse i s app l i ed to the outer e lec t rodes 
a s i m i l a r pulse i s induced on the probe. This pulse i s smal ler than the 
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a p p l i e d pulse by an amount equal to the r a t i o of the H.T. and probe 
e lec t rode separat ions f rom the ea r t h e lec t rode where the d i e l e c t r i c 
constants of the i n t e r v e n i n g m a t e r i a l s are the same. The probe 
e lec t rode i s d i r e c t l y connected to the i npu t of a C.R.O where the pulse 
may be d i sp l ayed . 
There are two main f a c t o r s which guarantee f i d e l i t y of response. 
F i r s t l y the decay t ime constant of the capaci ty of the probe, C, through 
the i npu t res i s tance of the C.R.O, R, must exceed the longest time 
constant of the pulse to be measured or a f requency dependant a t t e n u a t i o n 
f a c t o r w i l l r e s u l t . Secondly, to prevent o s c i l l a t i o n of the probe, i t s 
surface r e s i s t i v i t y r must exceed the reac t ive component due to i t s 
inductance COL, a t the h ighes t frequency used. However a value of r 
l a rge enough to cause a non-uni form vol tage d i s t r i b u t i o n across the 
surface of the p robe , as i t decays through R w i t h time constant RC, 
i s unacceptable. This leads t o the r e s t r i c t i o n . , 
OL <r < Rb 3.3 
L 
where b i s the breadth of the probe and L the l e n g t h . 
Simple probes o f t h i s k ind have been used ( l ) but the probe e lec t rode 
must be t h i c k to achieve s e l f support and i s hence under damped. Also 
to achieve adequate i n s u l a t i o n between the probe e lec t rode and ground 
on ly a smal l a t t e n u a t i o n r a t i o may be used and a supplementary r e s i s t i v e 
d i v i d e r i s necessary. 
These d i f f i c u l t i e s have been overcome by Schneider (3) who mounted 
the probe e l e c t r o d e , i n the form of an evaporated gold f i l m , on an 
i n s u l a t i n g mica sheet. The separa t ion o f t h e probe f rom the ea r th plane 
i s now much smal ler andthe a t t e n u a t i o n r a t i o i s f u r t h e r improved by a f a c t o r 
e r , the r e l a t i v e d i e l e c t r i c constant o f the sheet. The f i l m must be 
t h i n n e r than the s k i n depth 8 of the highest frequency used (0 to produce 
the same speed o f propagat ion o f the pulse i n s i d e and outs ide the suppor t ing 
sheet. Thus 
d « 2Q 3 .4 
op. 
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where p i s the r e s i s t i v i t y o f the f i l m and / i the p e r m i a b i l i t y of the 
suppor t . 
I t was found t h a t the inconvenience of producing evaporated t h i n 
f i l m s could be avoided by us ing a luminised mylar sheet , which i s 
commerical ly a v a i l a b l e i n almost any size and i n 50 and 120//;m t h i c k -
nesses. This f i l m has a l l the r e q u i r e d p roper t i e s f o r probe c o n s t r u c t i o n . 
The probe developed f o r the streamer chamber has the f o l l o w i n g parameterss-
Length L = 10 cms 
Breadth b = 50 cms 
Thickness =120 r e l a t i v e d i e l e c t r i c constant £ ^ = 3 . 0 a t 1MHz 
Surface r e s i s t i v i t y r ^ l f t / s q u a r e 
Capac i ty C =•10,000 pf 
F i l m th ickness = 25oR cf s k i n depth i n aluminium a t 1GHz =2000A. 
i n p u t res i s tance of CRO ( T e k t r o n i x type 519) = 125ft 
The probe was glued w i t h laojuar to the ins ide surface of the ea r t h 
e lec t rode immediately i n f r o n t o f the wired s ec t ion} Figure 3 . 7 , and i t s 
edges p ro t ec t ed w i t h adhesive tape . The leakage res is tance of the probe 
8 „ 
to ground was more than 10 Hand considered n e g l i g i b l e , Contact was made 
t o the probe by a General Radio Connecter glued to the outs ide of the ear th 
p l a t e w i t h s i l v e r doped epoxy r e s i n . 
The probe was c a l i b r a t e d aga ins t a Tekt ron ix high vol tage probe, 
type P6015 a t 50Hz ( a t t e n u a t i o n f a c t o r lOOO/l + 1%) using a type 7704 
osc i l l o scope c a l i b r a t e d to w i t h i n 2%, Figure 3 . 9 . The high i npu t 
7 
r e s i s t ance o f the CRO (10 ft) lengthens the t ime constant o f the probe 
t o 0 . 1 seconds such t ha t i t s t i l l exceeds t ha t o f the c a l i b r a t i n g frequency 
which i s 4.0 msec. The performance o f t h i s type o f probe was checked a t 
h igher vo l tages and f requencies by applying a pulse of known he ight (lOkV) 
and decay constant to the e lec t rodes and no change i n the c a l i b r a t i o n 
f a c t o r could be foundo 
The a t t e n u a t i o n f a c t o r of the probe used i s 3700 / l and when used 
w i t h a 125 ft,X5 a t t enua to r and a CRO d e f l e c t i o n f a c t o r of 9.5V/cm gives 
a r e s u l t a n t d i s p l a y c a l i b r a t i o n f a c t o r of 176±5.0kV/cm. Long term d r i f t 
3700/1 Attenuation 
in ratio 
I 
8 10 12 14 16 
Input kV 
Figure 3.9 Probe Calibration Curve. 
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was found to be smal l and such probes have been used c o n t i n u a l l y over 
a year w i thou t need of ad jus tment . 
3»7 The Chambers 
Two types of chamber were t r i e d . O r i g i n a l l y the system was 
designed around a p a i r o f sealed chambers 60 x 60 xl2.5cms i n size,, These 
were made f rom i " soda glass glued together w i t h epoxy r e s i n . Each was 
baked under vacuum a t 150°C f o r >8 hrs before f i l l i n g w i t h 98% neon 
and 2% hel ium a t 760 T o r r . When new they performed w e l l and e x c e l l e n t 
t r a cks could be produced i n them but the s t ruc tu re proved to be 
mechanical ly unsound and a f t e r some months the gas became contaminated 
w i t h a i r . 
More r e l i a b l e ope ra t i on was achieved using a gas c y c l i n g system 
and chambers c o n s i s t i n g o f a support frame and Melinex windows. Both 
polyurethane and perspex frames were t r i e d , but work was abandoned on the 
polyurethane when h e r m e t i c a l l y sea l ing i n the windows to the frame was 
found to be d i f f i c u l t . The perspex frames were 1.2cm t h i c k 14 cms deep 
and 60cms l o n g , bu t t j o i n t e d and glued w i t h perspex cement a t the edges 
t o g ive the r e q u i r e d shape. The corners of the r e s u l t a n t s t r u c t u r e were 
strengthened w i t h t r i a n g u l a r oross sec t ion i n s e r t s . The melinex windows, 
50/M or 120 rim, were s t r e t ched us ing a pneumatic frame technique and •• ' 
a t tached to the frame using double sided adhesive tape. The gas i s suppl ied 
to the chambers through p o r t s i n the upper s ide and leaves through the 
lower s ide . Connection i s made to the c y c l i n g system through rubber hose. 
3 ,8 The Gas C y c l i n g System 
The gas p u r i f i c a t i o n system i s shown i n Figure 3.11 and i s i n two 
i d e n t i c a l ha lves . One h a l f i s i n use whi le the o ther i s regenerated or 
r e p a i r e d . The a c t i v e agents are type A5 molecular sieve and 250 gms o f 
a c t i v a t e d charcoal which i s cooled to 175°C i n a c ryos t a t of l i q u i d 
n i t r o g e n , the l e v e l of which i s maintained f rom a master dew$r. The 
charcoal i s regenerated by hea t ing i t t o 150°C under vacuum. The neon 
he l ium mixture i s d r iven through the system by a small diaphragm pump 
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capable o f pumping 5 l i t r e s / m i n u t e but normally run a t about 20% of t h i s 
r a t e 0 The capac i ty of the streamer chambers i s 80 l i t r e s . 
An ana lys i s o f the gas taken f rom the streamer chamber a f t e r several 
months of ope ra t ion showed the f r a c t i o n of hel ium i n the gas to be smaller 
t h a n the 30% contained i n the master bottle<, This loss i s probably due 
to the p r e f e r e n t i a l loss o f the he l ium through the melinex wa l l s of the 
chambers and o ther 'weak' pa r t s of the c y c l i n g system. The exact per-
centage of he l ium i n the chambers a t anytime i s t h e r e f o r e not known 
but i s taken to be between 10 and 20%. 
Attachment of e l ec t rons to e lec t ronega t ive i m p u r i t i e s i n the gas, 
i n p a r t i c u l a r oxygen and water vapour, w i l l vary w i t h the p u r i t y o f the 
gas which could not be c o n s t a n t l y monitored but such e f f e c t s were found 
to be n e g l i g i b l e us ing pulse delays of less than 20QLisec when compared 
w i t h the loss of e l ec t rons f r o m the chambers by spurious e l e c t r i c f i e l d s . 
This f e a t u r e i s discussed i n chapter s i x . 
3 .9 The T r i g g e r i n g Logic 
As we saw i n s ec t i on two of t h i s chapter , to f i r e the Marx genera tor , 
a 15kV pulse must be suppl ied t o the t r i g g e r e lec t rode of i t s f i r s t 
spark gap. To be able to l i m i t the d i f f u s i o n of the e lec t rons released 
by the p a r t i c l e t o be detected as i t t raversed the chamber, the minimum 
delay between i t s passage and the a p p l i c a t i o n of the high vol tage pulse ' 
must be shor t (<1 /Usee). 
P l a s t i c s c i n t i l l a t o r s i n a v a r i e t y of arrangements are used t o 
de tec t cosmic rays t r a v e r s i n g the chamber Figure 3 .12 , and a f t e r t ime 
delay compensation,are wi red i n conventional manner t o d i s c r i m i n a t o r s and 
simple AND and NAND l o g i c gates . A f t e r the i n t r o d u c t i o n of a c o n t r o l l e d 
de lay ,a l o g i c pulse is de r ived f rom these gates o f amplitude -700mV and 
lOnsec d u r a t i o n and i s a m p l i f i e d by a s p e c i a l l y designed high v o l t a g e , 
avalanche pulser (DP5) to 5kV w i t h i n 60nsec of the i npu t pulse . This 
c i r c u i t i s described i n d e t a i l i n Appendix B„ 
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A small three stage Marx generator (the Mini Marx) of 5kv/stage 
and output capacity 660pf then a m p l i f i e s the si g n a l to the 15kV necessary 
to d r i v e the large Marx generator. The Mini Marx also acts as a b u f f e r 
between the main high voltage system and the more s e n s i t i v e l o g i c 
c i r c u i t r y and i s housed i n a separate screened enclosure between the two. 
As the r a t e of t r i g g e r s from the l o g i c i s u s u a l l y much greater than 
the 2/minute maximum ra t e of the Marx generator power su p p l i e s , the l o g i c 
i s para l^sed during t h i s time by a gate generator (CG|128). This generator 
i s t r i g g e r e d by a standard l o g i c pulse and produces a p a r a l ' y s i s gate of 
0.1 t o 1280 seconds d u r a t i o n . A more d e t a i l e d d e s c r i p t i o n i s given of 
t h i s device i n Appendix B. 
3.10 Component Layout 
One of the most important features of any high voltage system and 
i n p a r t i c u l a r a pulsed system such as a streamer chamber,is the p o s i t i o n i n g 
of each p a r t of the c i r c u i t w i t h respect t o the next and to surrounding 
obj e c t s . I n t h i s case the l a y o u t was designed t o achieve the f o l l o w i n g 
ends. 
a) To p r o t e c t personnel from the high voltage sources, 
b) To provide dark conditions f o r photography, 
c) To minimise the p o s s i b i l i t y of spurious breakdown, 
d) To minimise the pulses which may be many k i l o v o l t s , which t r a v e l 
back down the t r i g g e r i n g leads when the system f i r e s , r e s u l t i n g 
i n damage to the low voltage l o g i c c i r c u i t r y . 
e) To reduce radio frequency r a d i a t i o n from the device which would 
d i s r u p t the t r i g g e r i n g l o g i c and e l e c t r o n i c s associated w i t h 
neighbouring experiments. 
f ) T 0 permit the connection of a high s e n s i t i v i t y CRO (lOV/cm) 
to the high voltage probe without i t being destroyed'by the 
high voltage pulse, 
•'•he arrangement used i s shown i n Figure 3.12» The apparatus i s 
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enclosed i n two s p e c i a l l y constructed s t e e l enclosures. Each i s made from 
18 gauge s t e e l , spot welded onto 2cm ste e l angle to form sections 1.2 metres 
square. The sections are bo l t e d together w i t h a layer of brass mesh between 
the j o i n t s and with the b o l t s p a r a l l e l to the surface of the enclosure, 
thereby avoiding r . f leakage. The mini Marx, the Marx generator and the 
pulse shaper are a l l housed i n one enclosure measuring 3„6 x 2.4 x 1.2m 
painted black i n s i d e t o l i m i t r e f l e c t i o n s . A l l the associated e l e c t r o n i c s 
i s housed i n a smaller room 1.2 x 2.4 x 1.2m placed at the end of the 
l a r g e r one. The in t e r c o n n e c t i n g cables pass through f o u r , 5cm diameter 
conduits betv/een the rooms. 
The power from themains i s v i a an r . f f i l t e r which attenuates by 
lOOdlJ ... frequencies up to lGH.z. Only l i v e and neutr a l are connected 
here, the earth being v i a copper b r a i d t o a lug welded to the s t e e l w a l l . 
The a n c i l l a r y e l e c t r o n i c s i s mounted i n racks which are i n s u l a t e d from 
the f l o o r and earthed only through a single connection to the metal w a l l 
near the mains input f i l t e r . As the outputs of the H.T generators do not 
f l o a t they are connected to the Marx generator by single unscreened wires; 
the r e t u r n path i s via the s t e e l w a l l . This i s undesirable but as t h i s 
p a r t of the c i r c u i t does not carry f a s t t r a n s i e n t s ( < 1 msec)they do not 
represent a serious source of i n t e r f e r e n c e . Any t r a n s i e n t s which do 
occur w i l l f i n d the 30Mftcharging r e s i s t o r s i n the HT l i n e and a n e g l i g i b l e 
impedance i n the r e t u r n path through the st e e l wall,, re s u i t i n g i n a very 
small p o t e n t i a l drop along the w a l l . 
When the Marx generator f i r e s i t would, i f l e f t to i t s e l f , erect 
symmetrically about earth,as the earth p o i n t i s connected more than 1,metre 
away from i t . This i s prevented by the a d d i t i o n of the K^H'inductor which 
forms a bridge w i t h the low inductance r e t u r n b r a i d , the mid poi n t of 
the two being earthed to the s t e e l w a l l v i a the outer electrode of the 
streamer chamber. The r e s u l t i s t h a t only a few kV i s dropped along the 
r e t u r n l i n e and the m a j o r i t y of the output i s across the conductor and 
the charging parasitic capacitor. 
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The discharge of the p a r a s i t i c capacitor i s symmetrical and as there 
i s no added inductance and l i t t l e resistance,'only the exact p o i n t where 
the electrodes are connected t o the s t e e l w a l l can be regarded as earth. 
This i s of v i t a l importance when measuring the high voltage pulse. 
The screen of the 12511 cable c a r r y i n g the s i g n a l from the probe to 
the CRO represents a second earth and i f t h i s and the true earth are even 
only a few centimetres apart on the electrode s t r u c t u r e , large currents 
w i l l f l ow i n the screen causing considerable in t e r f e r e n c e on the CRO 
disp l a y . The main symptons of t h i s were sparks from the CRO t r o l l e y f e e t 
to the f l o o r , an extremely d i s t o r t e d CRO trace i n v o l v i n g apparent time 
reversals and loops and occasional f l a s h over from the sign a l leads t o the 
power leads i n s i d e the osc i l l o s c o p e . These e f f e c t s could not be overcome 
by moving the CRO t o the next screened l a b o r a t o r y , which i n d i c a t e s t h a t 
d i r e c t r a d i a t i o n of radio frequencies was playing l i t t l e p a r t i n the 
phenomenon. 
The problem was completely solved by making the earth connection 
from a copper pipe 6cms i n diameter,Figure 4.6. One end of the pipe i s 
screwed by a flange t o an aluminium r i n g glued with s i l v e r doped epoxy 
r e s i n t o the earth electrode. The other end i s bolte d by a s i m i l a r 
flange to a 6cm hole i n the screened enclosure wallg The 125_n.cable 
from the probe i s supported down the centre of the pi p e , where i t r e s t s 
i n a completely earthed , f i e l d f r e e environment. The r e s u l t i n g CRO traces 
were now 'clean' enough to see the e f f e c t s of d i r e c t r a d i a t i o n which were 
el i m i n a t e d by closing off a l l access hatches and camera mounts w i t h s t e e l 
covers. 
Other e s s e n t i a l supplies which are extern a l t o the screened room 
are the three n i t r o g e n c y l i n d e r s f o r pressurising the spark gaps and the 
neon p u r i f i c a t i o n system. Connecting hose to and from these are a l l taken 
vi a loose couplings, designed t o minimise r . f leakage, mounted i n the s t e e l 
wa 11. 
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3.11 Photography 
Two cameras are used, one t o photograph streamers p a r a l l e l to the 
other perpendicular to the a p p l i e d e l e c t r i c f i e l d . Both are Gossor 
motor d r i v e n types 1431 and each i s f i t t e d w i t h a Nikko '0', f2.0,35mm 
long. The .cameras are wound on during the paralysis time by a l o g i c 
t r i g g e r e d c y c l i n g u n i t , the ECU, which i s described i n Appendix B. This 
u n i t also powers the f i d u c i a l s . . Fibre optics i s used t o carry l i g h t 
from a quartz halogen lamp located i n a small screened enclosure t o 
known p o s i t i o n s on the electrode s t r u c t u r e . D i r e c t l y powered l i g h t 
sources near the streamer chamber electrodes present considerable 
problems of i n t e r f e r e n c e i n the d r i v e u n i t . 
A demagnification of 40:1 i s used making the l a r g e s t angle subtended 
a t the chambers 20° thus producing n e g l i g i b l e d i s t o r t i o n i n the image 
f i e l d (,0.2mm i n 60cm.) The lens apertures most f r e q u e n t l y used are 
f2.0 and f2.8. The l a t t e r i s found preferable f o r most a p p l i c a t i o n s 
as the s l i g h t loss of l i g h t i s w e l l compensated f o r by increased d e f i n i t i o n 
and depth of f i e l d . Photography perpendicular t o the f i e l d requires the 
greater depth of f i e l d , + 30 cms a t a range of 125crns from the lens. 
Figure 3.13 shows the apparent size of an object,which moves across the 
r e q u i r e d depth of f i e l d , u s i n g an aperture ^of f2.8. The l i n e a r i t y o f the 
l i n e over most of the f i e l d shows t h a t the actual o b j e c t sizes may be 
c a l c u l a t e d from the image sizes by the use of a simple range dependent 
m a g n i f i c a t i o n f a c t o r . 
Two types of f i l m are used, the f i r s t Kodak 2475 f o r most of the 
photography and the second the less r e a d i l y a v a i l a b l e Kodak 2485 when 
higher contrast and s e n s i t i v i t y were required. However i t i s thought 
t h a t some d e t a i l of the streamer may be l o s t when using such high contrast 
f i l m s . Both the f i l m s have a very high speed (>1500ASA) » ' extended red ' 
s e n s i t i v i t y which i s s u i t e d to the photography of neon discharges, and 
have been widely accepted f o r t h i s type of photography ( l ) ( 8 ) . The 
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2475 was hand developed i n DK50 at 20°C f o r 8 minutes and the 2485 i n 
MX857 a t 35°C f o r 3 minutes. 
The c i r c l e of confusion f o r the above o p t i c a l system i s about 
0.1mm and i s much smaller than a l l the objects photographed and i s 
th e r e f o r e neglected as a source of e r r o r . 
I n t h i s chapter the c o n s t r u c t i o n of the extensive array of equipment 
necessary t o generate u s e f u l streamer tracks has been described. The 
f o l l o w i n g chapters are a d e t a i l e d account of i t s performance and 
c h a r a c t e r i s t i c s . 
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C H A P T E R FOUR 
OPERATION 
4.1 I n t r o d u c t i o n 
The f o l l o w i n g chapter i s a b r i e f account of the performance of 
the component parts of the system and the streamer chamber as a 
whole. 
4.2 The Marx Generator 
When the generator was f i r s t assembled i t s operation was 
e r r a t i c and i t displayed no usable working range. Each stage was 
added t o the generator separately and operated several times (~ 2 0 ) 
u n t i l i t became stable and i n t h i s way r e l i a b l e performance of the 
whole generator was achieved. The r e s u l t a n t operating c h a r a c t e r i s t i c s 
are shown i n Figure 4«1. The pressure of nitrogen i n the spark gap 
column i s used t o c o n t r o l the breakdown voltage of the gaps from 25kV 
to > 60kV. The upper l i n e , the maximum hold - o f f v o l t a g e , i s the highest 
v o l t a g e , a t a p a r t i c u l a r pressure, to which the generator could be 
charged f o r > 2 minutes without breakdown,, The lower l i n e , the 
minimum t r i g g e r a b l e v o l t a g e , i s the lowest voltage which would give 
f i v e consecutive successful t r i g g e r i n g s , each a f t e r charging the . 
generator f o r twenty charging time constants. The region between the 
l i n e s i s the working range of the generator and has proved stable over 
two years of use. However, unless the gas i n the spark gap column was 
being c o n s t a n t l y changed i t s breakdown voltage d i d increase by a few 
percent a f t e r ten to twenty f i r i n g s , probably due to the formation of 
n i t r i d e s i n the spark gap column. A continuous flow of gas i s also 
e s s e n t i a l f o r the pressure reduction valvs and meter on the gas c y l i n d e r 
t o f u n c t i o n c o r r e c t l y . I t i s probable t h a t the voltage range over which 
the generator w i l l t r i g g e r a t a p a r t i c u l a r pressure i s determined by the 
working range of the t r i g a t r o n spark gap i n i t s f i r s t stage r a t h e r than 
the performance of the generator as a whole. 
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4<>3 The Spar.k Gap, Performance 
The spark gaps were tested by discharging the output of the Marx 
Generator to ground v i a each spark gap i n t u r n and the pressure of 
nit r o g e n i n each, necessary t o hold o f f a p a r t i c u l a r v o l t a g e , was 
hotedo Gap separations o f 1.8cms and 0.8cms were used and the 
c h a r a c t e r i s t i c s of both gaps are shown i n Figure 4.2. Changes of 
pressure produce l i n e a r changes of voltage over the range considered 
and a simple p r o p o r t i o n a l i t y e x i s t s between hold o f f pressure and 
electrode separation. The voltage scale i n Figure 4.2 i s the charging 
voltage per stage of the Marx generator and although p r o p o r t i o n a l to 
the voltage across the spark gap, t h i s voltage i s unknown due to the 
resonance of the discharge c i r c u i t . 
As w i t h the Marx generator i t was found necessary to change the 
ni t r o g e n gas i n the spark gap between discharges t o maintain a constant 
breakdown voltage. 
4.4 The P a r a s i t i c Capacitor Waveform 
The voltage waveform across the p a r a s i t i c capacitor i s i n t e r e s t i n g 
but not e a s i l y displayed due t o the d i f f i c u l t y of constructing submersible 
h a l f megavolt probes. However t h i s waveform may be displayed by a 
novel technique using the high voltage probe already mounted on the 
streamer chamber electrodes. 
The series spark gap i s pressurised above the maximum breakdown 
pressure of the voltage being usedo Under these conditions i t acts l i k e 
a pure capacity of 25 + 5pf. The voltage waveform on the p a r a s i t i c C 
P 
now appears on the high voltage electrode of the streamer chamber 
attenuated by an amount equal t o the r a t i o of the electrode capacity t o 
the spark gap capacity. I t i s necessary to remove the terminating 
r e s i s t o r s of the electrodes during t h i s exercise t o produce a time constant 
i n t h i s s ection of the attenuator which g r e a t l y exceeds the time constants 
of the waveform on C^ . The waveform on the high voltage electrode may 
now be displayed on an oscilloscope (Tektronix type 519) using the high 
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voltage probe described p r e v i o u s l y i n section 3.6. This whole attenuating 
system cannot be accurately c a l i b r a t e d due to the u n c e r t a i n t y i n the 
capacity of the spark gap and the time constant e f f e c t s produced by the 
f i n i t e leakage resistance of the water i n the tank but a v e r t i c a l 
s e n s i t i v i t y of 350 + 50kV/cm i s estimated. Also the time constant 
of tho transmission l i n o d i v i d e probe i s lo25/zsec which i s s i m i l a r to 
the expected decay constant of the pulse to be measured (section 2.6)o 
This w i l l produce a m o d i f i c a t i o n of the waveform as seen on the oscilloscope 
A t y p i c a l waveform i s shown i n Figure 4.3 and was produced with a Marx 
generator stage voltage of 34kV, an output inductance of 10/j H and a 
p a r a s i t i c capacity of 375pf. The leading edge of the waveform should be' 
compared w i t h the expected waveform which was shown i n Figure 2 o l 3 , and 
both r i s e times can be seen to be 165nsec<> The s l i g h t undershoot i n 
Figure 4„3 a t >1<>5)U sec i s caused by the short probe time constant 
mentioned above. 
4o5 The Water D i e l e c t r i c 
When the tank housing the p a r a s i t i c capacitor and the spark gaps i s 
f i l l e d w i t h pure deionised water,the decay time constant of the pulse 
on C i s long and t h i s i s shortened by the a d d i t i o n of tap water. The 
leakage resistance i s u s u a l l y adjusted to between l k f t and 2kft„ A f t e r 
several weeks of operation the water becomes contaminated w i t h dissolved 
i m p u r i t i e s from the tank contents and various u n i d e n t i f i e d l i f e forms. 
Lr 
These do not s e r i o u s l y impaa?e the operation of the device but do r e s u l t 
i n a slow decrease i n the r e s i s t i v i t y of the water. This can e a s i l y be 
compensated f o r by a corresponding increase i n the Marx generator 
charging voltage (< 5%) but a f t e r a few months of operation the water i s 
u s u a l l y changed i n order to reduce the stress on the generator's capacitors. 
Occasionally bubbles are formed i n the water which c o l l e c t on the 
under surface of the earth p l a t e of C . These are a p o t e n t i a l source of 
P 
breakdown and must be removed. Their o r i g i n i s not known but possible 
sources are: the release of dissolved a i r from the water, the production 
of gases during possible p a r t i a l breakdown of the water, e l e c t r o l y t i c 
FIGURE 4.3 
TRANSIENT WAVEFORM ON THE PARASITIC CAPACITOR 
VERTICAL SENSITIVITY 350 + 50 kV/cm 
HORIZONTAL SENSITIVITY 
TRACE l ) 1 fx sec/cm 
2) 500 nsec/cm 
3) 200 nsec/cm 
4) 100 nsec/cm 
5) 50 nsec/cm 
HI 
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a c t i o n i n the water and the release of gas by micro-organisms. The 
u 
second two are the most probable but no perturbations of the produced 
pulse, a t t r i b u t a b l e t o breakdown of the water,have been observed. 
4o6 Matching the Electrode Termination 
The t e r m i n a t i n g r e s i s t o r s of the streamer chamber were matched 
to the c h a r a c t e r i s t i c impedance of the electrode s t r u c t u r e e m p i r i c a l l y . 
The c r i t e r i a used to i n d i c a t e adequate matching were a uniform streamer 
l u m i n o s i t y throughout the chamber and the c r i t i c a l damping of the wave-
form produced when the shunt spark gap f i r e d . I t i s not possible to use 
the accepted methods of pulse r e f l e c t i o n measurements to achieve matching 
as the pulse length exceeds the pulse t r a n s i t time of the electrodes. I f 
the t e r m i n a t i o n istoo low the streamer brightness decreases towards bhe 
t e r m i n a t i o n and the decaying pulse, as seen using the probe,approaches • 
zero v o l t s r a t h e r slowly. I f the t e r m i n a t i o n i s too high the i n t e n s i t y 
v a r i a t i o n of streamer brightness reverses i t s d i r e c t i o n and the pulse 
develops a negative overshoot and a subsequent o s c i l l a t i o n about zero. 
Photographs of cosmic ray showers as detected by the streamer chamber 
have proved very u s e f u l i n demonstrating brightness anisotropies. The 
\ 
best match was found using a 35^ termination which compares w e l l w i t h the 
t h e o r e t i c a l c h a r a c t e r i s t i c impedance of the electrode s t r u c t u r e which i s 
30ft • A v a r i a t i o n of + 2ft i n the terminating resistance can e a s i l y be 
t o l e r a t e d . 
4.7 Generation of the Pulse 
When a low d i e l e c t r i c constant, i n s u l a t i n g m a t e r i a l i s used i n the 
output side of the pulse shaper tank, a smooth R.G pulse can be generated 
on the electrodes by the discharge of C^  using the series spark gap„ 
Such a pulse l u s a r i s e time of 5 nsec and a decay constant of (C +G )Rr„ 
7 p c' L 
On f i r i n g the shunt spark gap, t o remove the surplus energy from the 
Marx generator, the RC pulse i s clipp e d at i t s peak and the energy which 
was .contained i n the t a i l of the pulse appears i n the form of an o s c i l l a t i o n 
which i s i of the amplitude of the main pulse and of s i m i l a r time constant. 
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This o s c i l l a t i o n decays i n about 300 nsec. Such a pulse i s of course 
unsuitable f o r streamer generation because of i t s long t a i l and i t s 
i l l defined height and width. 
I t was found t h a t i f water i s used i n the output side of the water 
tank there are be n f e f i c i a l changes i n the pulse shape which outweigh any 
disadvantageous losses of e f f i c i e n c y due t o the increased stray 
c a p a c i t i e s . The e f f e c t i s probably due to less c r i t i c a l damping of the 
discharge pulse produced by the increase of these very strays. A series 
resonance i s stimulated between G and C , the f i r s t o s c i l l a t i o n o f which 
P c 
approaches zero about 22nsec a f t e r the s t a r t of the pulse,. The second 
peak of the o s c i l l a t i o n never roaches any s i g n i f i c a n t height due t o i t s 
r a p i d decay through the load resistance The r e s u l t i s a single 
symmetrical pulse. Figure 4.4a shows a number of such pulses generated 
using a constant Marx generator output voltage. No shunt gap i s used 
but the pressure i n the series gap i s varied between traces. The exact 
con d i t i o n s are shown on the f l y sheet to the f i g u r e . The r a t i o of i n i t i a l 
pulse height t o the t a i l h e i g h t , which i s produced by d i r e c t charging 
of the electrodes from the Marx generator} increases as the pressure i n 
the series spark gap increases and i t f i r e s nearer the top of the output 
waveform from the M^rx generator on C^, Figure 4.3. In the example 
shown i n Figure 4.4,for lOOpsi i n the spark gapjthe t a i l i s very small 
out i s s t i l l f i n i t e and must ae removed Dy the shunt spark gap. The 
v a r i a t i o n of pulse height w i t h series gap pressure i s shown by the centre 
curve of Figure 4.5. The e f f e c t on the pulse shape shown i n Figure 4.4a 
tr a c e 5,of the shunt gap f i r i n g a t various pressures,is shown i n 
Figure 4.4b. When the shunt gap f i r e s e arly during the pulse the energy 
i s d i s s i p a t e d , as before, i n the form of an o s c i l l a t i o n . However, the 
pulse has a f a s t f a l l time and i s of the order of the formative time 
of the shunt spark gap e This can therefore oe made to f i r e l a t e i n the 
pulse r e s u l t i n g i n l i t t l e p f t r t u r o a t i o n of the o r i g i n a l pulse and the 
removal of the surplus energy from the Marx generator as required. The 
FIGURE 4o4 
PULSE PRODUCTION IN THE STREAMER MODE 
(A) (B) 
VERTICAL SENSITIVITY 176 + 5kV/cm 176 + 5kV/cm 
HORIZONTAL SENSITIVITY 20nsec/cm 20nsec/cm 
MARX GENERATOR VOLTAGE 36kV/stage 36kV/stage 
PARISITIC CAPACITY 375pf 375pf 
TERMINATION 38 ft 38ft 
SERIES GAP PRESSURE SHUNT GAP PRESSURE 
TRACE ( l ) 15 psi 15 p s i 
(2) 40 p s i 40 p s i 
( 35 65 p s i 65 p s i 
(4) 90 p s i 90 p s i 
(5) 115 p s i 120 p s i 
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upper curve of Figure 4o5 shows the v a r i a t i o n of pulse h e i g h t , and the 
lcwer curve the v a r i a t i o n of pulse width (FWHM), wi t h the pressure of 
nit r o g e n i n the shunt gap 0 The change of t h i s pressure gives s a t i s -
f a c t o r y c o n t r o l over the pulse width i n the range 13 05 to 17nsec. The 
maximum length of pulse i s governed by the n a t u r a l resonance of and 
C c through the inherent inductance which i s 75nH and also the necessity 
f o r precise shunt o p e r a t i o n , Flqure 2ol2c. The minimum length of the 
pulse i s determined by the generation of the unwanted t a i l o s c i l l a t i o n s 
produced when the shunt gap f i r e s to cut o f f the pulse. Over the range 
of pulse widths which can be generated i n t h i s manner the pulse height 
v a r i e s by only 5% ,a change which can be e a s i l y counteracted by an 
increase i n the generator output voltaget The maximum pulse height i s 
l i m i t e d by spurious breakdown of the a i r around the electrodes5 i n 
p a r t i c u l a r near the input and along the corona guard of the high voltage 
electrode. These e f f e c t s l i m i t the maximum pulse height to~20kV"/cm 
i . e . 300 kV but t h i s could be increased by reducing the f i e l d d i s t o r t i o n s 
i n these regions. 
By e x t r a p o l a t i n g the pulse amplitude against shunt gap pressure curve 
back t o zero pressure, where i t may be considered to have 'zero' break-
down v o l t a g e , the formative time of the spark may be estimated and i s 
found t o be 6nsec. 
S t a b i l i t y of the amplitude and duration of the applied pulse i s of 
great importance because of the high v e l o c i t y of streamer propagation 
>10 cm/sec, and the strong dependance of streamer v e l o c i t y on a p p l i e d 
f i e l d , f i g u r e 2.3. Five consecutive pulses are shown i n Figure 4.6, 
The r i s e time i s 8nsec and v a r i e s very l i t t l e over the whole range of 
possible pulses. The top of the pulse i s f a i r l y f l a t and extends from 
3 t o 7nsec depending on pulse length. The f a l l time of the pulse i s 
s i m i l a r t o the r i s e time. The amplitude i s constant, f o r constant 
operating conditions to w i t h i n + 0 . 1 kV/cm. and the width (FWHM) t o 
w i t h i n 200psec. Most of the apparent time j i t t e r shown i n Figure 4.6 
i s a t t r i b u t a b l e t o t r ace starting e r r o r s caused by s t a t i s t i c a l f l u c t u a t i o n s 
1 
FIGURE 4.6 
FIVE CONSECUTIVE STREAMER CHAMBER PULSES 
VERTICAL SENSITIVITY 176 ± 5kv/cm 
HORIZONTAL SENSITIVITY lOnsec/cm 
: 
• 
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i n the CRO t r i g g e r i n g c i r c u i t s . The oscillograms were obtained using 10.000 
ASA Polaroid f i l m i n a standard camera and the pulse parameters were 
measured using a t r a v e l l i n g microscope,. The long term s t a b i l i t y has 
already been discussed i n s e c t i o n 4.5 and t o counteract small changes i n 
the pulse i t was monitored d a i l y and the system adjusted accordingly. 
No changes i n the performance of the spark gaps have been observed 
since c o n s t r u c t i o n . 
4.8 Pulse Generation Delay 
The delay between the passage of the t r i g g e r i n g cosmic ray p a r t i c l e 
and the a p p l i c a t i o n of the high voltage pulse to the streamer chamber 
depends upon many parameters, f o r example the operating pressures and 
voltages of the various spark gaps. Measurement of the delay under a l l 
con d i t i o n s i s t h e r e f o r e i m p r a c t i c a l . A representative graph of t o t a l 
delay as a f u n c t i o n of the Marx generator pressure, the most s i g n i f i c a n t 
c o n t r o l l i n g parameter, i s shown i n Figure 4.7. A charging voltage of 
50kV/stage was used as i t i s t y p i c a l of normal operation. This graph 
should be compared w i t h the Marx generator c h a r a c t e r i s t i c s i n Figure 4.1. 
The f u l l range of pressures a t 50kV/stage cannot be used as the Marx 
generator, i n accordance w i t h normal p r a c t i c e , was only allowed to charge 
f o r 40 seconds when producing the r e s u l t s shown i n Figure 4.7 and the 
delay becomes i n f i n i t e at 19psi." The e r r o r bars i n Figure 4.7 represent 
+ one standard d e v i a t i o n of the s t a t i s t i c a l f l u c t u a t i o n of the delay time. 
No account has been taken of s c i n t i l l a t o r , p h o t o m u l t i p l i e r , and cable 
t r a n s i t times i n t h i s f i g u r e and f o r the simple detection arrangements 
used here a f u r t h e r 70nsec should be added t o the delay times shown. The 
t o t a l minimum delay time , over the range of pressure used f o r t a k i n g 
r e s u l t s , i s assumed to be constant at 600nsec and the s t a t i s t i c a l 
f l u c t u a t i o n s are considered negligible,, 
The v a r i a t i o n of delay w i t h series gap pressure was found using 
the c i r c u i t i n Figure 4.8. The c i r c u i t i s t h a t normally used t o d r i v e 
spark chambers. When the spark gap f i r e s an exponentially decaying 
15 16 17 18 
Nitrogen Overpressure PSIG 
STREAMER CHAMBER DELAY 
Figure 4.7 
-a O 
II 
2 
H 
to 
> 
z 
a 
a. 
> 
* 
a: 
UJ 
CQ 
2 
< 
X 
o 
< 
CL 
l/> 
CO 
. *f 
CD 
47 
p u l s e , opposite i n p o l a r i t y t o the Marx generator output v o l t a g e , i s 
produced across the electrodes and the remaining charge i n the generator 
i s shunted to ground. The Marx output current t r a n s i e n t also appears 
on the electrodes as the p a r a s t i c capacity charges through the terminating 
r e s i s t o r s of the streamer chamber. Hence the l e n g t h of t h i s t r a n s i e n t , 
before the f i r i n g o f the spark gap, may be determined. This i s shown 
i n Figure 4.9. The shape of the curve i s a product of the ' s i n u s o i d a l ' 
output voltage of the generator and the n o n l i n e a r i t y of the Paschen 
curve i n nitrogen a t pressures >100 p s i . The maximum change i n delay 
time which can be produced by a change i n the series spark gap pressure 
i s 90nsec and amounts t o only 30 nsec over the range of pressures a c t u a l l y 
u t i l i s e d . 
4.9 Streamer Generation 
Photographable streamers can be generated i n the neon helium gas 
mixture w i t h the range of pulse heights between 17.5 and 20kV/cm and 
the range of pulse lengths 13.5 to 17nsec (FWHM) using the streamer 
chamber here described. 
Intermediate pulse parameters proved the most s a t i s f a c t o r y f o r 
example 18.8kV/cm and 15nsec. T y p i c a l l y streamers so generated have 
l e n g t h s , p a r a l l e l to the f i e l d , between 0.3 and 1.8cm. The m a j o r i t y 
of streamers are < 0.8cms long and appear as roughly c y l i n d r i c a l 
streaks showing l i t t l e change of width along t h e i r length. These 
diameters are i n the range 0.05 t o 0.3cms. The longer streamers tend 
to have the l a r g e r c e n t r a l diameters and where these streamers extend 
beyond the shorter ones there i s a r a p i d increase i n diameter. Some 
of these develop lobes of almost spher i c a l shape and have diameters 
approaching 1cm. The boundaries of such streamers are d i f f u s e and a 
r a d i a l f i n g e r " l i k e s t r u c t u r e i s occasionally v i s i b l e . 
A t y p i c a l 90° stereo photograph of a cosmic ray t r a c k taken i n the 
streamer chamber i s shown i n Figure 4.10,, The d r i v i n g pulse parameters 
and scale of the p i c t u r e are given on the f l y sheet. 
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FIGURE 4.10 
90° STEREO PHOTOGRAPH OF A TYPICAL COSMIC RAY TRACK 
MAGNIFICATIONS OF EACH VIEW ARE SIMILAR BUT NOT 
IDENTICAL ABOUT 50cm OF TRACK IS SHOWN IN EACH CASE 
PULSE PARAMETERS 18.8kV/cm for 15nsec (FWHM) 
PULSE DELAY 600nsec 
1 
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Streamer chambers are of course not completely i s o t r o p i c i n t h e i r 
performance. When p a r t i c l e s traverse the chamber at small angles t o the 
e l e c t r i c f i e l d v e c t o r , the streamers tend t o j o i n together at t h e i r 
centres and may even generate a complete spark between the electrodes 
The angle a t which the streamers coalesce i s dependant upon the 
opera t i n g c o n d i t i o n s . Using mean streamer lengths of 0.8cms the longer 
streamers show signs of j o i n i n g a t t r a c k angles t o the e l e c t r i c f i e l d 
as large as 60° but i n general t h i s angle i s less than 40°. With angles 
less than 20° l i t t l e o f the s t r u c t u r e of the o r i g i n a l streamers can be 
seen. When using the chamber to detect cosmic rays the m a j o r i t y of such 
h i g h l y angled t r a c k s are due t o ft rays which create a higher i o n i s a t i o n 
d e n s i t y i n the gas than a t y p i c a l 2 GeV cosmic ray muon. This w i l l 
doubtless give an underestimate of the isotropy i n t h i s case. 
A decrease i n streamer l e n g t h , or an increase i n pulse delay time 
has only a small e f f e c t on the j o i n i n g of streamers over the range 
considered ( l ) . The e f f e c t i s reduced as the formative time of the 
spark increases. I n the former case t h i s i s due to the increased 
distance one streamer must t r a v e l t o meet the next. I n the l a t t e r 
case due to the greater s p a t i a l dispersion of-the streamers a f t e r 
d i f f u s i o n of the electrons released by the p a r t i c l e . 
For t r a c k s making angles less than 20° w i t h the e l e c t r i c f i e l d 
a h i g h l y conducting channel i s created and where the discharge s t r i k e s 
the melinex windows of the streamer chamber i t spreads out over the 
surface t o form a disc. Such discs vary i n diameter from 1 t o 6 cms 
w i t h occasional ones growing t o 12cms i n diameter. Such phenomena are 
less frequent at longer delays again due to the increased formative 
ft. 
time of the spark. These discs often d l s p l y r a d i a l s t r u c t u r e and must 
A 
propagate over the melinex surface w i t h v e l o c i t i e s approaching 10 cms/sec 
i f they are t o occur during the pulse. 
I t was found t h a t sparks generated p a r a l l e l t o the f i e l d , e i t h e r 
along t r a c k s , or by spurious breakdown, were capable of puncturing 
the melinex windows producing undesirable leaks i n the system. The 
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50jum melinex was v i r t u a l l y useless because of t h i s and the 120 jj,m was 
found to be more s u i t a b l e . A greater thickness of melinex would be 
pre f e r r e d but more than 150 /im of melinex has poor o p t i c a l transmission, 
The spurious breakdown which causes many of the melinex damaging 
sparks i s mainly produced near the walls of the chambers where the 
d i e l e c t r i c i n t e r f a c e gives r i s e to d i s t o r t i o n s of the e l e c t r i c f i e l d ( 2 ) . 
These d i s t o r t i o n s are lessened i f the chambers are made from a m a t e r i a l 
of low d i e l e c t r i c constant and the walls are as t h i n as possible. At 
the time of writing,chambers with 6mm perspex w a l l s are beinq constructed 
to replace those i n use. 
Discharges i n the chamber gas also occur where the melinex windows 
make contact with the wired section of the electrodes. This takes the. 
form of a d i f f u s e glow which causes l i t t l e damage but obscures the 
tr a c k s . This can be avoided by operating the chambers at a very small 
under-pressure such th a t the melinex w a l l s become concave, thereby 
producing a space between the gas and the wires s u f f i c i e n t to take the 
gas out of the d i s t o r t e d f i e l d region. 
The b r i e f o u t l i n e of the performance of the streamer chamber given 
i n s e c t i o n 4.9 w i l l be expanded i n the f o l l o w i n g chapters where d e t a i l e d 
r e s u l t s are given and comparisons of these w i t h various theories made. 
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C H A P T E R F I V E 
RESULTS I 
5.1 Introduct ion 
For the purposes of th is thesis the properties of the chamber 
have been divided into two sections. In this chapter the performance 
of the streamer chamber pa ra l l e l to the e lec t r i c f i e l d w i l l be 
examined and some theore t ica l explanations f o r the obtained results w i l l 
be made. In chapter six a s imi la r treatment w i l l be given to the 
character is t ics of the system as seen perpendicular to the f i e l d . The 
properties i n these two direct ions are, of course, not independent and 
many of them v a i l be shown to be manifestations of the same basic 
processeso 
5.2 The S t a t i s t i c s of Streamer Development 
In chapter two i t was stated that the growth of an electron 
avalanche i n a gas could be described by the equation 
n = exp ( a x ) 5.1 
where n i s the number of electrons a distance x from the s tar t of the 
avalanche and a. is Townsend's f i r s t coe f f i c i en t . Clearly however, such 
growth i s a s t a t i s t i c a l process and the number of electrons contained 
i n the avalanche i s subject to considerable f luc tua t ions . These f luc tua t ions 
w i l l predominate i n the early stages of development as they w i l l be magnified, 
by l a t e r growth of the avalanche. An elementary account has been given 
of these e f fec t s by Wijsman ( l ) and Furry (2) and the resultant electron 
number d i s t r i b u t i o n i s known as the Furry d i s t r i bu t i on . 
Let P(n,x) be the probab i l i ty that an e lectron, s ta r t ing at x = o 
causes an avalanche of n electrons a f t e r d r i f t i n g a distance x under the 
influence of an e l ec t r i c f i e l d . The probabi l i ty that no ionisa t ion w i l l 
take place i n th i s distance i s given by the Poissonian d i s t r i bu t i on to be 
P(l-,x) - exp (- ax) Sol 
S imi la r ly the probabi l i ty of one ionisat ion between o and x i s 
52 
P(2,x) = exp ( - a x ) ( l - exp (-Ox)) 5.2 
Hence i t is found that 
P(n,x) = exp ( - a x ) ( l - exp (-ax)) ~ 5<,3 
The mean number of electrons at x i s given by 
oo 
n = exp (a*) * np(n,x) 5 04 
n=l 
Thus P(n,x) - i (1 - i 5.5 
n n 
and as n » 1 equation 5<.5 may be wr i t t en approximately as 
P(n,x) » i exp ( ^ ) 5.6 
n n 
Which i s the required Furry d i s t r i b u t i o n 
The p robab i l i t y of get t ing N>n electrons is 
r 0 0 
J exp ( ^zp ) dn = exp ( ™ ) 5.7 
n 
Throughout t h i s der ivat ion the value of a has been assumed constant 
7 
I n f a c t f o r n greater than 10 a i s reduced by space charges and during 
the early stages of avalanche growth the elect ion energy, and hence a ? 
may be dependent on x 0 However a discussion of these e f fec t s is postponed 
u n t i l the :conduding chapter of t h i s thesis and they w i l l be assumed 
negl ig ib le throughout the fo l lowing theory. The d i f f e r e n t i a l p robabi l i ty 
derived from equation 5.7 where M = - ~ i s 
n 
P,(M,x) dM = exp (-M) dM 5.8 
Now i n the streamer chamber an avalanche may s tar t from many electrons. 
For an avalanche s ta r t ing from Z electrons the number of electrons i n 
the avalanche i s 
n = \ n. also M = ) m. 
i = l i - 1 
Supposing an d i s t r i b u t i o n according to equation 5.8 then a d i f f e r e n t i a l 
53 
probab i l i ty of 
P(M ,x) dM 
r ( z ) 
2S-1 
M exp (-M ) dM, 
z 
5.9 
i s obtained, The p robab i l i ty W (r i jx) that the avalanche with z i n i t i a l 
electrons contains, a f t e r t r a v e l l i n g a distance x , a number of par t ic les 
equal to or larger than 4 i i s given by 
W (n,x) z 
_ 1 _ _ 
r ( z ) 
r ( z . ) 
z - i 
M exp (-M ) dM 
z z 
t exp ) dt 5.10 
2n 
n 
The r i g h t hand side of equation 5.10 is the funct ion representing the 
2 
X d i s t r i b u t i o n . 
In chapter two i t was indicated that an avalanche w i l l transform 
8 
into a streamer when the number of electrons i n i t reaches 10 , Equation 
2.1 shows that t h i s occurs when ax = 20„ Therefore the probabi l i ty F, §J ) 
t h a t , a f t e r an avalanche has covered a distance L i t w i l l transform into 
a streamer i s r 00 
? z ^ ] = r ( z ) j ^ = I 
. 2 z - l / - t \ ... t exp( -J-J dt 
2 
5.11 
where s = (2 exp (20 ( l - * • ) ) ) 2 
m 
and L i s the Meek length, the mean distance through which one electron m 
i n i t i a t i n g an avalanche must t r ave l before the avalanche streamer t r ans i t i on 
occurs. 
5.3 The Basic Model for Track Formation 
In the previous section only single avalanches i n i t i a t e d by one or 
more electrons were considered but along the track of an ionis ing par t i c le 
there may be many closely spaced electrons. This w i l l result i n the 
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in te rac t ion of neighbouring avalancheso Chikovani has outl ined a 
s t a t i s t i c a l model which can be used to describe the formation of a 
pa r t i c l e track which passes perpendicular to the e l ec t r i c f i e l d i n a 
streamer chamber (3)„ 
The area,perpendicular to the e lec t r i c f ie ld ,which i s covered by the 
electrons i s f i r s t divided in to ce l l s Ro x Ro where Ro i s defined as the 
l inear size of the area w i t h i n which the development of the avalanches 
is suppressed by the streamer due to space charge e f f ec t s . The arrangement, 
of the ce l l s i s chosen so that track axis divides the central c e l l in to 
halves. Only one streamer may develop i n each cello 
The ce l l s are each divided in to subcells R^ x R-^  where R-^ is the 
l inear size of the area wi th in which the electrons a l l go to form one 
R 2 
avalanche. Each c e l l therefore contains S = (—) subcells* This i s shown 
R l 
i n Figure 5o l . The subcells are arranged so thai; the l ine passing through 
the centre of a c e l l p a r a l l e l to the track divides the central subcells 
in to halves. 
In the o r i g i n a l model developed by Chikovani the d i s t r i b u t i o n of 
electrons across the track is assumed to be uniform to s impl i fy the 
ca lcula t ion . The width b of the d i s t r i b u t i o n i s chosen to contain 80% 
of these electrons. 
Let be the number of subcells i n the i t h c e l l which are covered 
by the track and d_^  the average density of electrons i n each subcell . 
Then the number of subcells i n the i t h c e l l which are occupied by at least 
one electron i s , from the Poissonian distribution,,given by, 
j i = S. (1 - exp ( - d ± ) ) 5.12 
The average number of electrons i n the occupied subcell is therefore 
d.S. d. 
k i = ~ j f = ( 1 ^ , 1 ^ 7 ) 5 ' 1 3 
According to equations 5 .11 , 5.12 and 5 0 l 3 the average number of streamers 
per un i t track length i s given by the expression 
T T ~ 
- i 
< Ro > 
- h 
- 4 
- 1 - 1 -
Direction 
of 
Particle 
Ro 
v 
R. 
A 
Rectangular 
"Profile 
.Gaussian 
Profile 
MATRIX FOR STREAMER GENERATION MODEL 
Figure 5.1 
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No * ( l - e x p ( l - S . ( l - e x p ( - d j ) % ( i / L ) ) ) 5.14 
i 
Where the summation i s performed over all the ce l l s covered by the tracko 
A computer programme was w r i t t e n to generate the number of streamers 
per centimeter which would be expected on a pa r t i c l e track f o r various 
values of j- using the above theory 0 This model performs well but i s 
not wholly sa t i s fac tory . The d i s t r i b u t i o n of the electrons across the 
track i s taken to be uniform and the choice of i t s width as say 8 / Dt , 
where D is the d i f f u s i o n constant and t i s time,must be considered a rb i t r a ry 
and cannot be expected to be correct f o r a l l values of t as the actual 
electron density at the chosen cut o f f point w i l l vary with delay time. 
Also when, with increasing t ime, the edge of the rectangular electron 
d i s t r i b u t i o n crosses a c e l l boundary, d iscont inui t ies i n the programme 
output occur which are unacceptable. 
5.4 The Improved Model • 
The most obvious improvement to the model is the replacement of the 
rectangular d i s t r i b u t i o n with one of the Gaussian, normal type to describe 
the electron d i s t r i b u t i o n across the par t ic le t rack. Rather than 
calculat ing the mean electron density across the t r a ck , the electron density 
may now be evaluated independently i n each column of subcells pa ra l l e l to 
the t rack . 
Thus the electron density i n any subcell is given by 
where I q i s the most probable number of ion pairs created per centimeter 
by the passage of a pa r t i c le through the chamber gas. 
m 
Ed = 0.5 x IQ x R 1 ( e r f ( X 2 ) - e r f ^ ) ) 5.15 
4Dt 
and X. = 2_ where x, and x, 
\/4Dt 4Dt 
are the 
coordinates of the subcell edges. 
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t h i s dif ference negl ig ib le . 
The value of I depends upon three main fac tors . The f i r s t of these 
is the delay time of the high voltage pulse. The primary ionisa t ion i n 
neon i s given by Charpak et a l (5) to be about 12 cm ^ f o r a minimum 
ionis ing p a r t i c l e . However, these electrons w i l l decelerate i n the gas 
by i on i s ing and exc i t ing co l l i s ions to energy levels below the 
ion iza t ion potent ia l of neon i n less than the minimum value of delay 
obtainable with the streamer chamber. Therefore the required value of I 
i s taken to be the secondary ion isa t ion density. This is given as 37 cm ^ 
(5 ) . 
The second important factor i s the energy of the detected p a r t i c l e . 
The resul ts of Eyeions et a l (6) and Jones et a l (7) indicate an increase 
of 47% i n the energy loss of a cosmic ray muon i n neon from 
minimum ionis ing momenta (300 MeV/c) to plateau momenta (100 GeV"/c) and 
a ' t y p i c a l ' cosmic ray muon of momentum 2 GeV/c shows an increased energy 
loss of about 20% over a minimum ionis ing pa r t i c l e . 
The t h i r d fac tor which influences I is the gas composition. In the 
gas mixture the presence of helium w i l l e f f e c t i v e l y reduce the ionisa t ion to 
around 3pcm as the primary ion isa t ion i n helium is only 3.5 crn * (8 ) . 
Therefore, as w i l l be seen, the performance of the model has been examined 
f o r values of I i n the range 20 to 40 ion pairs/cm i n the gas mixture used. 
The number of streamers per centimeter as a funct ion of delay time T^ , 
f o r various values of l / L was calculated using the model GAUSS. The 
m 
relevant parameters used were: R = 0.65cms, R. = 0„15cms and I = 28cm ^, r o 1 o 
The resul ts are shown i n Figure 5.3. Signif icant numbers of streamers 
are generated at short time delays f o r L/L = 0 . 9 where the number of 
m 
electrons s tar t ing each avalanche w i l l exceed uni ty . At longer delays 
however, values of l / L greater than unityare needed to develop a l l 
possible streamers as, due to the s t a t i s t i c a l f luctuat ions i n avalanche 
production, the probabi l i ty of an avalanche st arcing from a single electron, 
transforming into a streamer w i t h i n the Meek length, is less than 40%Q Using 
values of l / L m 0 f ]_,2 nearly a l l possible streamers have developed and 
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the curves reach saturat ion. 
I t i s of course important to note tha t , because the photographic 
s e n s i t i v i t y requires the growth of avalanches beyond the t r ans i t i on 
po in t , the values of l / L m which may be inferred from gathered data 
w i l l be less than the values ac tual ly used by an amount equivalent 
to t h i s extra growth. 
The s e n s i t i v i t y of the streamer density to changes i n ioniza t ion i n 
the range 20 to 40 ion pairs/centimeter for various values of L / L m and 
delay times is shown i n Figure 5.4. The figures were generated using 
the model GAUSS. 
For both large and small values of L/L the parameter i s almost 
saturated at a l l values of delay but there does ex is t a region of moderate 
s e n s i t i v i t y i n the centre of each range. This s ens i t i v i t y i s greatest 
at longer delays (lOO fisec) f o r values of l / L ^ from 0.94 to 1.0 where a 
change i n streamer density of over 50% exists f o r a change i n ionisa t ion 
from 20 to 40 ion pairs/cm. 
To tes t these theore t ica l ideas, experiments were conducted wi th the 
streamer chamber using cosmic rays of energies selected by a range 
telescope. 
5.5 The Range Telescope 
Using the energy loss curves of Sternheimer (9) and the range energy 
curves of Rossi (10) , f o r muons i n a i r and lead, a simple range telescope 
was constructed to select cosmic rays of known energy and is shown 
diagrammatically i n Figure 5.2 0 
A three s c i n t i l l a t o r system i s used, each being separated from the 
next by 10 cm of lead. Thus f o r a coincidence of type A+B+C, muons of 
momentum i n the range 240 MeV/c to 360 MeV/c are selected. These traverse 
the chamber between s c i n t i l l a t o r s A a'nd B and are of energies which w i l l 
produce minimum ionisa t ion i n the chamber gas. Errors i n the energy 
selection due to the f i n i t e angular acceptance of the system and the e f fec t s 
of mult iple scattering i n the lead are assumed negl ig ib le . The energy los t 
i n the streamer chamber i t s e l f is estimated to be less than 10 MeV f o r such 
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pa r t i c l e s . 
By using a coincidence of the A+B+C variety i t is possible to select 
cosmic rays with energies great enough to penetrate both thicknesses of 
lead and hence obtain par t ic les with momenta greater than 360 MeV"/c. As 
the cosmic ray muon spectrum i s peaked at about 2 GeV/c th i s i s taken 
to be the most probable energy of part icles selected using th i s type 
of coincidence. 
5.6. The Streamer Density 
Using the range telescopedescribed above}the streamer chamber was 
used to produce tracks of par t ic les of minimum ionis ing cosmic ray muons. 
These were photographed using the cameras described i n chapter three on 
Kodak 2475 f i l m using an f number of 2.0. The event rate was about 0.5/ 
minute aid the delayof the high voltage pulse was varied between 600nsec and 
200^sec. The pulse height was 18.8+ O.lkV/cm and two widths were used, 
15.0 and 15.9+ 0.2nsec (FWHM). A graph of streamer density as a funct ion 
of delay f o r the two pulses i s shown i n Figure 5.5. Comparison of these 
curves with the output of the model, shown i n Figure 5.3, yields several 
in teres t ing features. 
In general there i s very good agreement between the streamer densities 
using the 15nsec pulse and the model output fo r l / L — 0.98. However, the 
rn 
model f a i l s to produce the dip i n the streamer density at l^=]^sec 
although drops are produced fo r lower values of i / L . These are produced 
as the electrons along the track d i f fu se out over the f i r s t few avalanche 
r a d i i away from the track centre,thereby reducing the number of electrons 
which s ta r t each avalanche and hence inaeasing t he i r mean formative time. 
Comparison with the resul ts using the longer pulse reveals a s imilar 
agreement fo r delays less than 20 j^sec but at values greater than t h i s , 
the actual number of streamers generated exceeds the saturation values 
generated by the model. There are two possible reasons for t h i s . F i r s t l y , 
the area dominated by a single streamer has been assumed to be a square of 
side R q whereas the streamers are i n f ac t of c i rcu la r cross-section 
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and therefore capable of occupying the area available i n a close packed 
s t r u c t u r e This would give a possible increase i n streamer density of 
2 and bring the value at 100 \i sec wi th in the predicted range. There i s , 
however, s t i l l a discrepancy at 50^ sec 
For time delays greater than 100\x sec,a s ign i f i can t number of electrons 
may have d i f fu sed ,paral le l to the f ield,dis tances greater than the f i n a l 
streamer length and hence streamers may develop behind the forbidden 
gaps between other streamers. For very long delays therefore ,the upper 
l i m i t to the observed streamer density i s the opt ica l streamer radius. 
The above experiment was repeated using par t ic les selected by the 
A-HB+C coincidence system which were expected to produce 20% greater 
ion isa t ion i n the chamber gas than the minimum ionis ing particles<> The 
resul ts of the model shown i n Figure 5.4 indicate a maximum change i n 
streamer density of 11% at delays of 100 usee and L / L = 0.98. A l l other 
delays produce a smaller effecto The experimental results are shown i n 
Figure 5.6. The streamer densities are, within the error of 5%,the same 
as those obtained using minimum ionis ing part icles which were shown i n 
Figure 5.5. The errors shown are experimental as the s t a t i s t i c a l errors 
were reduced below these values by averaging the results over several tracks. 
Better experimental accuracy may reveal differences, but to obtain s u f f i c i e n t 
s t a t i s t i c a l accuracy fo r ionisa t ion measurement of a single p a r t i c l e , track 
lengths i n excess of 1 meter w i l l be required. 
5.7 Th<9 Streamer Density D i s t r i b u t i o n 
Davidenko et a l ( l l ) using image i n t e n s i f i e r techniques have shown 
t h a t , i n helium at 0.4 atmospheres, the number of streamers per un i t 
length of track obeys the Poissonion d i s t r i b u t i o n f o r delays of less than 
5^ sec which i s i n accordance with the d i s t r ibu t ion of the primary 
ion isa t ion . For longer delays the secondary electrons d i f fuse outside 
the streamer radius and the d i s t r i b u t i o n becomes Landau. 
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The number d i s t r i b u t i o n s of streamers i n the neon helium mixture 
i n the streamer chamber were measured f o r delays between 1 jLfsec and 
200^sec using pulses of 18.8kV/cm and 15nsec du r a t i o n . These are shown 
i n Figure 5.7. For delays of SO^sec or less the data i s i n 5crn b i n s , 
whereas f o r lOOjU sec or over bins of 2.5cm are used to improve the 
s t a t i s t i c s . I t i s c l e a r t h a t the d i s t r i b u t i o n s are e s s e n t i a l l y symmetrical 
and f o r shorter delays tend towards a delta f u n c t i o n . This may be 
explained as follows. Consider the i o n i s a t i o n density t o be d i s t r i b u t e d 
2 
w i t h variance cr then the number i n any sample of t h a t i o n i s a t i o n , f o r 
example the number of electrons on 5cm of t r a c k , w i l l be d i s t r i b u t e d 
w i t h a reduced variance dependent on the length of t r a c k sampled. I f , 
as a t short delays, t h i s i n f o r m a t i o n i s i n the form of a streamer, then 
the f i n i t e width of the streamer represents a lower l i m i t f o r the b i n 
width and f u r t h e r reduces the s e n s i t i v i t y of the measurement. 
Figure5.8 shows the e f f e c t of rebinning the data,taken using a 
15.9nsec pulse a t a delay of 200 nsec. The histogram using 1cm bins does 
show signs of asymmetry,however f u r t h e r development of t h i s i s l i m i t e d 
by a second f a c t o r . 
This' second f a c t o r may be described as a lack of dynamic, range. 
Using low L/L m values o n l y , avalanches of high m u l t i p l i c i t y transform 
i n t o v i s i b l e streamers and the t a i l of the Landau d i s t r i b u t i o n w i l l be 
generated. I f higher L / L values are used most of the avalanches s t a r t i n g 
from s i n g l e e l e c t r o n s w i l l transform but the streamers of high m u l t i p l i c i t y , 
which formed e a r l i e r , w i l l a t t a i n greater lengths and tend to coalesce, 
thereby destroying the i n f o r m a t i o n connected w i t h the t a i l of the 
d i s t r i b u t i o n . This was c l e a r l y the case when taking the measurements 
shown i n Figure 5*8,as there were many regions on the t r a c k c o n s i s t i n g of 
groups of unresolvable streamers. 
5.8 The Streamer Diameter 
The diameter of the streamers has already been mentioned i n connection 
w i t h the choice of parameter R i n the streamer model GAUSS and i n the b r i e f 
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d e s c r i p t i o n of t r a c k formation at the end of chapter fo u r . 
The r e s u l t s obtained were i n closer agreement w i t h those of 
Chikovani (3) than those of Davidenko (12) who, by means of an image 
i n t e n s i f i e r was able t o photograph very young streamers. The l a t t e r 
work was performed i n neon a t 0.8 atmospheres pressure and gave a mean 
streamer diameter of 1 mm. Chikovani reports a mean diameter of 1.6mm 
at a delay of 1 /isec which i s i n b e t t e r agreement w i t h the 2. mm obtained 
here. 
The diameter d i s t r i b u t i o n i s concentrated towards the smaller values 
a t 1 /isec delay as can be seen i n Figure 5.9 but the t a i l of the d i s t r i b u t i o n 
increases w i t h delay inaccordance w i t h the r e s u l t s of Chikovani ( 3 ) . 
However, t h i s t a i l reaches a maximum a t 20 /.jsec and decreases at longer 
delays u n t i l the d i s t r i b u t i o n i s again concentrated around the smaller 
values at 100 j^sec. As would be expected,the shorter streamers produced 
at longer pulse delays, due to the increasing formative time of the 
avalanches, do have smaller diameters and the mean diameter was found to 
decrease to 1.6mm a t delays of 100/isec. However reducing the d u r a t i o n of 
the a p p l i e d f i e l d by 6%, and hence the streamer length by about 2mm, 
produced no s i g n i f i c a n t change i n the streamer diameter d i s t r i b u t i o n s . 
Davidenko (12) has i n d i c a t e d t h a t , i n accordance w i t h elementary d i f f u s i o n 
t h e o r y , the v a r i a t i o n of diameter d as a f u n c t i o n of length L i s of the 
form d oc L 2 but as the change i n diameter i s less than 30°o over the whole 
range of lengths from 2 to 12 mm,the r e s u l t s obtained here are not 
incompatable w i t h t h i s relationship,, 
The reason f o r the increase i n the t a i l of the streamer diameter 
d i s t r i b u t i o n a t a delay of 20' p/sec i s thought t o be r e l a t e d to a maximum 
i n the e l e c t r i c a l i n t e r f e r e n c e between streamers occuring at t h i s delay, 
causing them t o j o i n i n t o groups of l a r g e r diamter. 
5.9 E l e c t r o n D i f f u s i o n 
As the delay between the passage of the p a r t i c l e through the streamer 
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chamber and the a p p l i c a t i o n of the high voltage pulse increases from 
zero t o 200/i sec,the e l e c t r o n s which c o n s t i t u t e the t r a c k d i f f u s e 
f r o m . t h e i r o r i g i n a l positionso They form a band which, from Fick's 
law of d i f f u s i o n , has a projected variance O"Q where o~ ^  =^4Dt where 
D i s the d i f f u s i o n constant of the electrons and t i s time. 
There are several reasons why the d e v i a t i o n of streamers produced 
on such t r a c k s should d i f f e r from t h a t given by the accepted d i f f u s i o n 
2 / 
constant f o r the gas,which f o r neon i s 1800 + 200 cm /sec at NTP. 
Davidenko e t a l ( l l ) have shown t h a t the a d d i t i o n of small q u a n t i t i e s 
of molecular gases ( l T o r r ) t o neon g r e a t l y reduces the d i f f u s i o n constant 
and t h a t t h i s r eduction may be as much as a f a c t o r of three f o r the 
' t e c h n i c a l l y pure' gas. Also a d d i t i o n of water vapour w i l l reduce the 
value of D t o as l i t t l e as 40 cm /sec. 
2 / 
The value obtained here was 630 + 20 cm /sec and i s shown g r a p h i c a l l y 
i n Figure 5.10. An 18.8 kv/cm f i e l d of 15.9nsec duration was used and D 
i s i n close agreement with the r e s u l t s of Davidenko ( l l ) . Chikovani (3) 
a t t r i b u t e d t h i s e f f e c t to the f a c t t h a t only avalanches s t a r t i n g from 
large numbers of electrons near the centre of the track were transforming 
i n t o streamers a t small delays but found agreement w i t h the expected 
2 / 
d i f f u s i o n constant of ~ 1800 cm /sec at delays of 200\x sec. However, t h i s 
appears to be i n disagreement with h i s statement t h a t there was no v a r i a t i o n 
i n the d e v i a t i o n of the streamers when the f i e l d was increased from lOkV/cm 
to 20 kV/cm,when presumably avalanches of lower m u l t i p l i c i t y , n e a r the 
edges of the track,would transform i n t o streamers. 
To t e s t these ideas,the value of cr^ was measured using the reduced 
2 / 
pulse length of 15.0nsec. The measured value of cr^ was now 480 + 20 cm / 
sec, a s i g n i f i c a n t decrease on the previous curve, showing t h a t the value 
o f c r ^ i s indeed pulse dependent,though the maximum obtainable value i s 
doubtless less than t h a t f o r the pure gas ( l l ) as the value o f o " D a t 
200jL£sec delay shows no increase over the values a t shorter delays. 
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I t should be noted t h a t , as the streamers i n the chamber described 
i n t h i s t h e s i s have a group of electrons as t h e i r source, they w i l l tend 
to take on the average p o s i t i o n of the group. This w i l l produce a small 
r e d u c t i o n i n the value of D over the value given i n reference ( l l ) . This 
w i l l occur even under i d e a l c onditions of pulse shape and gas p u r i t y as 
the streamers used t o generate the r e s u l t s i n reference ( l l ) incorporated 
fewer i n i t i a l electrons due to the decreased streamer dimensions. 
There w i l l also be an e f f e c t due t o the presence of helium 
but t h i s i s considered small compared to the e f f e c t of molecular i m p u r i t i e s . 
The s l i g h t departure from the s t r a i g h t l i n e of the points at lflsec, 
i n Figure 6.10 may be due t o the t h e r m a l i s a t i o n distances of the primary 
electrons adding t o the e f f e c t s of d i f f u s i o n . 
C a l c u l a t i o n s ( l 3 ) show t h a t the electrons may take up to 1 msec 
to completely thermalise from energies j u s t below t h a t of the f i r s t e x c i t e d 
s t a t e of the containing gas, but i t has also been shown (14) t h a t ^molecular 
i m p u r i t i e s w i l l considerably reduce t h i s time. Thus the high values of 
°q a t 1 Msec are probably due to the l i m i t e d accuracy i n determining the 
centre of the track,from which p o s i t i o n the displacements are measured, 
as any e r r o r i n t h i s p o s i t i o n w i l l lead to an increased value of o~^, 
5.10. I d e a t i o n a l Accuracy 
The accuracy of p a r t i c l e t r a c k l o c a t i o n i n a d i r e c t i o n looking p a r a l l e l 
to the applied e l e c t r i c f i e l d was determined by the hand f i t t i n g of s t r a i g h t 
l i n e s t o the t r a c k s formed by minimum i o n i s i n g p a r t i c l e s . Ten independent 
l i n e s were f i t t e d t o each of four tracks at each delay time. The t o t a l 
spread of the l i n e s about t h e i r mean p o s i t i o n was taken as being 
+ 3 0"// n , where <r II i s the l o c a t i o n a l accuracy i n t h i s d i r e c t i o n and 
" n - 1 
n i s the number of l i n e s drawn i n tak i n g the measurement. The mean value 
of the fo u r determinations i s p l o t t e d as a f u n c t i o n of delay time i n 
Figure 5.11. The er r o r s shown are one standard d e v i a t i o n of the s c a t t e r 
of the obtained values,rather than the e r r o r on the mean which would be a' 
f a c t o r of three smaller than t h i s . 
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Two curves are shown,, The upper one i s the accuracy a t the centre 
of a t r a c k 50 cm long , whereas the lower i s t h a t at the end of such a 
tr a c k where e r r o r s due t o the rocking of the f i t t e d l i n e about the centre 
of the t r a c k and o p t i c a l d i s t o r t i o n s are greatest. 
The e r r o r s introduced by t h i s method of measurement were found, by 
f i t t i n g t o a 'p e r f e c t ' s t r a i g h t l i n e , to be ~ 0.07mm. This w i l l be of 
n e g l i g i b l e consequence when dealing w i t h the values obtained here. 
Three main f a c t o r s a f f e c t the accuracy of the streamer chamber. At 
delays less than 10/i sec the f i n i t e o p t i c a l streamer diameter i s dominant 
and l i m i t s the accuracy to 0.25mm. This is i n e x c e l l e n t agreement with 
the r e s u l t s of Bulos e t a l (15) and Meyer (16) who used scanning machines. 
For delays longer than 10/isec the d i f f u s i o n of the e l e c t r o n s , as described 
i n the previous s e c t i o n , widens the t r a c k beyond the streamer radius and 
the accuracy decreases i n approximate proportion to (CTQ)S« I n p r i n c i p l e t h i s 
agrees w e l l w i t h the r e s u l t s of (15) but as can be seen, the e f f e c t i v e 
d i f f u s i o n constant found here i n Figure 5.11 i s considerably less than the 
2 / 
value of 412 cm /sec quoted by (15). This i s probably due to the d i f f e r e n t 
methods of measurement. 
At delays of 100/isec and over, the e f f e c t s of random spurious e l e c t r i c 
f i e l d s i n the chambers caused the t r a c k s to become bent and produce large 
v a r i a t i o n s i n the measured accuracy from track to tra c k , ^his i s r e f l e c t e d 
by the large e r r o r bars on these p o i n t s . As the e f f e c t of the spurious 
f i e l d s was greater on streamers when viewed perpendicular t o the applied 
f i e l d discussion of them w i l l be l e f t t o the next chapter. 
5.11 S p a t i a l Resolution. 
Without the a i d of a p a r t i c l e accelerator the resolution of the 
streamer chamber cannot e a s i l y be measured d i r e c t l y duo to the inconvenience 
of w a i t i n g f o r cosmic ray p a i r s w i t h small enough opening angles.. However, 
the r e s o l u t i o n may be i n f e r r e d from other data. 
I t has been stated i n connection with the parameter R i n the streamer 
• r o 
generation model GAUSS, t h a t the e f f e c t i v e size of a streamer i s 0.65x0,,65cm 
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and t h a t only one streamer may form inside t h i s region. This t h e r e f o r e , 
must represent the closest separation of two p a r t i c l e s , using pulses 
of short delay times ( < 5 s e c ) , t h a t w i l l form two independent tracks 
i n the chamber. At separations less than t h i s the streamers w i l l coalesce 
and only a single t r a c k w i l l be formed. 
At longer delays the t r a c k width exceeds the e l e c t r i c a l width of a 
s i n g l e streamer due to the d i f f u s i o n of the electrons l e f t by the i o n i s i n g 
p a r t i c l e . . A simple approach would therefore be to define two tracks as being 
j u s t resolved i f t h e i r centres are separated by two standard deviations of 
the normal d i s t r i b u t i o n of the electrons across the t r a c k s . Thus the 
r e s o l u t i o n R as a f u n c t i o n of time would be 
where D i s the d i f f u s i o n constant of the electrons i n i h e chamber gas. 
I t has been shown i n section 5.8 however,that the d i f f u s i o n constant f o r 
the streamers generated on the t r a c k depends on the operating conditions 
of the streamer chamber. I t i s t h e r e f o r e reasonable to suppose t h a t the 
r e s o l u t i o n should also be dependent upon these conditions and t h a t t h i s 
parameter may be improved a t long delays i f the ' d i f f u s i o n ' constant i s 
reduced by the use of pulses w i t h low i / L values. There may- of course 
be e f f e c t s due to t h e higher m u l t i p l i c i t y of avalanches,forming where 
the t r a c k s overlap pausing them t o transform i n t o streamers e a r l y and 
hence obscure the region between the tracks but such e f f e c t s cannot be 
i n v e s t i g a t e d at present. 
A second f a c t o r a f f e c t i n g r e s o l u t i o n is also present. Because of the 
nature of t r a c k f o r m a t i o n , which has already been described, the d i s t r i b u t i o n 
of the streamers across the t r a c k , u n l i k e the i n i t i a l electrons,may not be 
Gaussian, Figure 5.12 shows t h i s d i s t r i b u t i o n f o r a delay of 200/£sec using 
the r e s u l t s from Figure 5.10 and i t i s clear t h a t the departure i s n e g l i g i b l e . 
Thus the best estimate of the s p a t i a l r e s o l u t i o n of two adjacent t r a c k s , 
as seen p a r a l l e l to the f i e l d , i s t h a t given by equation 5.16 using the value 
of D obtained f o r the p a r t i c u l a r p u l s i n g conditions employed. For short 
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delayswhere the t r a c k width i s less than the e l e c t r i c a l streamer diamete 
t h i s represents the maximum r e s o l u t i o n of the system and i s taken here 
to be 0.65 cm. 
5.12 Conclusion 
I n t h i s chapter we have seen how the operating mechanisms and 
conditions of the streamer chamber a f f e c t i t s c h a r a c t e r i s t i c s as seen 
p a r a l l e l t o the applied f i e l d and define the l i m i t s of the device as a 
u s e f u l t o o l . A more d e t a i l e d assessment of this•performance i s l e f t to 
the concluding chapter of t h i s t h e s i s . 
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C H A P T E R S I X 
RESULTS I I 
601 I n t r o d u c t i o n 
I n t h i s chapter the performance of the streamer chamber perpendicular 
t o the applied e l e c t r i c f i e l d w i l l be described and the model GAUSS, which 
was developed i n chapter f i v e , used t o explain i t s p r o p e r t i e s where 
ap p l i c a b l e . 
The discussion of the e f f e c t s of spurious c l e a r i n g f i e l d s i n the 
chamber, mentioned i n s e c t i o n 5.9, has been l e f t t o t h i s chapter because 
of i t s greater e f f e c t on the steamers as seen perpendicular to the applied 
f i e l d . This w i l l be undertaken f i r s t . 
6.2 The Bending of Tracks 
When the chambers w i t h perspex frames and melinex windows were used 
t o d etect p a r t i c l e s , the streamer tracks showed considerable deviations 
from the expected s t r a i g h t path produced by the m a j o r i t y of cosmic rays i n 
a gas at NTP0 The e f f e c t was found t o be dependent upon the delay time 
of the high voltage pulse r ^  and the d i s t o r t i o n s were usually greater i n 
the d i r e c t i o n of the applied f i e l d . 
The dependance of the e f f e c t uponcfelay time i n d i c a t e s t h a t a spurious 
e l e c t r i c f i e l d i s present i n the chambers, which displaces the electrons 
from the path of the p a r t i c l e being detected. To estimate the magnitude 
of the f i e l d , s t r a i g h t l i n e s were f i t t e d through the obtained tracks and the 
maximum d e v i a t i o n of each l i n e from i t s track was measured. The mean 
maximum displacement f o r a l l t r a c k s i s p l o t t e d as a f u n c t i o n of delay 
t i m e , f o r displacements p a r a l l e l and perpendicular to the f i e l d , i n 
Figure 6.1. 
The considerable departure of the curves from the expected s t r a i g h t 
l i n e s a t time delays greater than 10^Sec i s a t t r i b u t a b l e to the p r e f e r e n t i a 
l oss from the chambers of electrons which have moved through distances large 
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enough to reach the walls of the chambero Hence i n the case shown i n 
Figure 601 at delays exceeding bOfjsec the e f f i c i e n c y of the system i s 
s e r i o u s l y a f f e c t e d by the c l e a r i n g f i e l d . 
By drawing tangents to the curves i n Figure 6.1 a t TQ a 0 i t i s 
possible to estimate the maximum d r i f t v e l o c i t y experienced by an average 
5 / 
e l e c t r o n on the tracko The values are 2.26 x 10" cm/sec p a r a l l e l to the 
applied f i e l d and l o l 3 x 10 cm/sec perpendicular t o i t . Using the 
r e s u l t s of Bowe ( l ) these may be converted into f i e l d strengths which 
are 14.5ycm and 5.7V/cm r e s p e c t i v e l y . 
The presence of f i e l d s t a n g e n t i a l to the electrodes and the f l u c t u a t i o n s 
of the f i e l d , both i n strength, and direction•> throughout the chamber 
suggest t h a t i t may be caused by h i g h l y l o c a l i s e d charges on the chamber 
wallso Figure 6.2 shows q u a l i t a t i v e l y the f i e l d produced by a charge 
placed a s y m e t r i c a l l y between the electrodes of the streamer chamber, fox-
example on the melinex windowso The regions of the chamber marked A are 
n 
experiencing a f i e l d t a n g e ^ i a l t o the electrodes, while regions marked B 
are i n a f i e l d opposite i n d i r e c t i o n t o t h a t i n the centre of the chamber. 
I t has been suggested t h a t the spurious f i e l d s may be produced by 
streamers i n t e r s e c t i n g both walls of the chambers (2) and c l e a r i n g f i e l d s 
have been shown t o e x i s t i n sealed spark chambers (3) and f l a s h tubes (4) 
where the discharge completely crosses the gap betv/een the w a l l s of the 
device. The f i e l d s experienced by these workers were found to be small 
and decayed with a few seconds<> To t e s t t h i s hypothesis the mean maximum 
streamer displacement was measured as a f u n c t i o n of the time between t r i g g e r s 
and using a pulse delay of 20 jlsec. The r e s u l t s i n Figure 6 03 show t h a t 
there i s no s i g n i f i c a n t r eduction i n the e f f e c t even using t r i g g e r i n g rates 
more than 100 times slower than the workers i n reference ( 2 ) . 
A second experiment was performed. The streamer chamber was l e f t 
unused f o r three days and the d i s t o r t i o n s of the f i r s t few tracks produced 
a f t e r t h i s time compared with t h a t produced a f t e r many hours of use. Again 
no d i f f e r e n c e could be found* I t was therefore concluded t h a t the f i e l d 
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present here were independent of t r a c k formation. Zichy (5) has shown 
t h a t e l e c t r o s t a t i c charges may become trapped i n polymer surfaces i n the 
form of a f i l m e l e c t r e t , which d i s p l a y s a very long decay time. I t i s 
considered t h a t the f i e l d s occuring i n the streamer chamber are produced by 
such trapped charges. I t was found t h a t the magnitude of the f i e l d did 
decrease over a period of several weeks and a f t e r three months the e f f e c t s 
of the f i e l d became n e g l i g i b l y smallo The o r i g i n of the f i e l d i s therefore 
associated w i t h the manufacture of the chambers and the charges are 
probably attached t o the surface of the melinex windows by the a c t i o n of 
cleaning and p o l i s h i n g . 
Once the random f i e l d had decayed and tracks could be generated w i t h 
delay times exceeding 200/^ sec the e f f e c t s of a second type of c l e a r i n g 
f i e l d became, v i s i b l e , . This f i e l d produced the bending of each end of a 
' v e r t i c a l ' cosmic ray t r a c k towards the negative electrode. The o r i g i n 
of t h i s f i e l d i s undoubtedly the edge breakdowns which was mentioned i n 
section 4.9,- depositing charge on the melinex windows. The high surface 
r e s i s t i v i t y of the rnelinex (.10" Q ) confines the charge t o the edge of the 
chambers producing a c l e a r i n g f i e l d i n t h i s region. Improvements i n 
the design of the chambers should el i m i n a t e t h i s e f f e c t . 
603 The Streamer Length D i s t r i b u t i o n 
Throughout t h i s section measurements of the streamer length w i l l be 
presented. As the streamers> i n p a r t i c u l a r the long ones, have d i f f u s e 
edges, the end of the streamer i s defined as t h a t point a t which the 
recorded photographic density f a l l s t o h a l f i t s maximum value, 
(a) The Basic Shape 
A t y p i c a l streamer length d i s t r i b u t i o n , using a pulse delay of 600 sec, 
i s shown i n Figure 6.4. The applied f i e l d was 19»5 + 0.1 kV/cm f o r 13„6 + 
0,2nsec and the streamers were photographed on Kodak 2485 f i l m using an 
aperture of f2.8. The most probable length i s 0.42 + 0.03cm and the mean 
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l e n g t h i s 0.48 + 0.02. cm. The d i f f e r e n c e i n these f i g u r e s indicates 
the asymmetry of t h e curve,. The d i s t r i b u t i o n i s very s i m i l a r to one 
obtained by Davidenko e t a l (6) using a s i m i l a r streamer length and an 
image i n t e n s i f i e r camera-to photograph the streamers which were i n neon 
at 0.8 atmospheres pressure. Considering that the f i e l d strengths used 
by Davidenko are only h a l f t h a t used here and t h a t no e l e c t r i c i n t e r a c t i o n 
between streamers occurs i n h i s system, t h i s d i s t r i b u t i o n shape appears 
t o be stable over a very wide range of conditions. I t also suggests t h a t 
few of the dimmer streamers have been l o s t from the d i s t r i b u t i o n i n Figure 
6.4 during photography as a l l the streamers should be photographed using 
the image i n t e n s i f i e r techniques described by Davidenko ( 6 ) . 
(b) The T h e o r e t i c a l Shape 
The length d i s t r i b u t i o n of the streamers under f i x e d e x t e r n a l conditions 
i s r e l a t e d to the value of I/L a t which the i n d i v i d u a l avalanches transform , 
m 
i n t o streamers. I f the ac t u a l applied pulse i s given the value of L/L 
to which i t i s e q u i v a l e n t , say 1.0, then the q u a n t i t y ( l - L / L m ) f o r a 
p a r t i c u l a r streamer, i s a measure of the r e l a t i v e time i t has spent i n the 
streamer phase a t the end of the applied pulse. I t i s therefore an estimate 
of i t s length. 
The streamer generation model GAUSS was used to generate the number 
of streamers which w i l l develop from avalanches w i t h i n p a r t i c u l a r i n t e r v a l s 
o f l / L . I n t e r v a l s of L/L of 0.02 were used over the range of 0.88 t o 1.2 m m 3 
and, f o r delays from 600 nsec t o 200/Lisec, histograms of streamer number 
against ( l - l / L m ) were p l o t t e d . An example i s shown i n Figure 6.5. The delay 
i s 600nsec and the most probable i o n i s a t i o n i s taken as 28cm Comparing 
the t h e o r e t i c a l curve w i t h the a c t u a l one i n Figure 6.4 reveals a r e v e r s a l 
of the asymmetry, the t a i l of the t h e o r e t i c a l curve being towards sho r t e r 
streamer lengths. Three f a c t o r s are responsible f o r t h i s . F i r s t l y the 
energy loss of a p a r t i c l e passing through the chamber w i l l not be constant 
but w i l l vary according t o the Landau d i s t r i b u t i o n . This gives a f i n i t e 
Streamer Generation Model Gauss 
*r> = 600 nsec E 0-8 
-0-10 -0-06 - 0 0 2 0.02 0-06 0-10 0-14 
Figure 6.5 
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p r o b a b i l i t y to energy t r a n s f e r s , and hence i o n i s a t i o n d e n s i t i e s , many 
times the most probable value. Streamers which form on such c l u s t e r s 
w i l l have very short formative times and hence produce longer streamers. 
This w i l l increase the t a i l of the length d i s t r i b u t i o n . Secondly the 
v e l o c i t y of the streamers has been shown to be dependent upon the length 
of the streamer, Figure 2.4, and upon the e l e c t r i c f i e l d s t r e n g t h , • 
Figure 2 03. Streamers which form a t small values of L/L.^  w i l l experience 
high v e l o c i t i e s i n t h e i r l a t e r stages of growth while newly formed streamers 
w i l l propagate w i t h much smaller v e l o c i t i e s o Also streamers which form 
during the f a l l time of the high voltage pulse w i l l propagate,in t h e i r 
e a r l y stages» w i t h an even slower v e l o c i t y than those which transformed 
during the peak of the pulse. Both these f a c t o r s w i l l increase the t a i l 
of the streamer length d i s t r i b u t i o n towards the higher values, however a t 
present, there i s i n s u f f i c i e n t data a v a i l a b l e concerning streamer v e l o c i t i e s 
i n neon, using f i e l d s of 20kV/cm, t o permit the calculationof the expected 
d i s t r i b u t i o n o T h i r d l y , i f some streamers do not achieve lengths and hence 
b r i g h t n e s s , t o r e g i s t e r on the f i l m , they w i l l be l o s t from the length 
d i s t r i b u t i o n . This w i l l tend to reduce the size of the t a i l a t the low 
value end of the d i s t r i b u t i o n and impose a p r o f i l e upon i t which i s r e l a t e d 
to the s e n s i t i v i t y of the f i l m . This e f f e c t however, does not seem t o be 
dominant i f the comparisons made at the end of subsection (a) of t h i s 
s e c t i o n , w i t h the r e s u l t s of Davidenko>are v a l i d . 
Many of these features become more apparent as the pulse delay time 
i s increased, 
(c) The E f f e c t s of Delay 
A S the pulse delay increases theory p r e d i c t s a shortening of the 
streamers and the t h e o r e t i c a l d i s t r i b u t i o n of streamer lengths becomes more 
skew A p l o t of (I-L/L^) against streamer number f o r a delay of 20^usec, 
as generated by the model i s shown i n Figure 606. 
Streamer length d i s t r i b u t i o n s were measured f o r a v a r i e t y of f i e l d 
strengths and d u r a t i o n s , and delay times. A t y p i c a l set of r e s u l t s , f o r 
Streamer Generation Model Gauss 
E 0-8 L D = 20^1 sec 
-0-10 - 0 0 6 - 0 0 2 0 0 2 0 0 6 0-10 0-14 
d J / l m > 
Figure 6.6 
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a pulse height of 18.8 kV/cm and length 16.0 nsec, i s given i n 
Figure 6.7 a and b. The agreement between the t h e o r e t i c a l and experimental 
shapes deterioiates a t long delayso Some reasons f o r t h i s have been given 
above j but f o r delays exceeding 5/isec the generation of streamers longer 
than 1.8cm requires f u r t h e r explanation. 
At longer delays, as the avalanches s t a r t from fewer e l e c t r o n s , the 
a. 
number of electrons which s t a r t each av^Lanche becomes a poorer sample of 
the e l e c t r o n d i s t r i b u t i o n along the t r a c k and c h a r a c t e r i s t i c s of the Landau 
d i s t r i b u t i o n , i n p a r t i c u l a r i t s long t a i l , are reproduced i n the streamer 
length d i s t r i b u t i o n . At shorter delays the d e t a i l s of the d i s t r i b u t i o n are 
l o s t due to the large size of the samples which go to form each avalanche. 
One would expect however, t h a t the t a i l would disappear a t very long delays 
when each streamer tends to s t a r t from a single e l e c t r o n . Under these' 
con d i t i o n s the streamer number de n s i t y would e x h i b i t a s e n s i t i v i t y to 
i n i t i a l i o n i s a t i o n much greater than has been found. 
Reliable streamer length d i s t r i b u t i o n a t delays exceeding 20/ioec are 
d i f f i c u l t t o o b t a i n as the electrons released by the p a r t i c l e d i f f u s e to 
p o s i t i o n s behind other electrons and streamers o p t i c a l l y obscure one 
another. There i s also a tendancy f o r two streamers which form along the 
same f i e l d l i n e , but with t h e i r centres a few m i l l i m e t e r s a p a r t , t o j o i n 
a t t h e i r ends and become i n d i s t i n g u i s h a b l e from a single long streamer. 
This mechanism i s thought t o be the most probable cause of the increased 
t a i l of the measured streamer length d i s t r i b u t i o n s using delays greater 
than 5 \i sec. 
The basic features of the streamer length d i s t r i b u t i o n s can be 
summarised by p l o t s of the most probable and mean streamer lengths as a 
f u n c t i o n of delay time. Figure 6.8 shows such p l o t s f o r the length 
d i s t r i b u t i o n s shown i n Figure 6.7. The mean values are calculated from 
the r e s u l t s and the most probable values of streamer length are obtained 
by hand f i t t i n g curves to the obtained histograms and then t a k i n g the most 
probable p o i n t on the curve. 
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The most probable streamer length shows a c h a r a c t e r i s t i c drop 
between delays of 600nsec and 20/isec which i s s i m i l a r to the drop i n 
the streamer number obtained t h e o r e t i c a l l y f o r small values of l / L M 
(C.92) and shown i n Figure 5.3 I n t h i s case however, the pulse used was 
equivalent t o a l a r g e r value of l / L m ( ~ 0 . 9 8 ) and i t i s clear t h a t the 
length d i s t r i b u t i o n contains i n f o r m a t i o n concerning the spacial e l e c t i o n 
d i s t r i b u t i o n which i s l o s t by the s a t u r a t i o n of the streamer density. 
I t i s possible to generate a t h e o r e t i c a l curve f o r the most probable 
length of streamers as a f u n c t i o n of time delay using the model GAUSS. 
Figure 6„5 and 606 showed the d i f f e r e n t i a l t r a n s i t i o n p r o b a b i l i t i e s of . 
avalanches at various values of i / L and the peak of such a d i s t r i b u t i o n 
m 
may be taken us being equivalent to the peak of the streamer length, 
d i s t r i b u t i o n . The q u a n t i t y ( I - L / L ^ MAX) i s p l o t t e d against pulse delay 
t i m e , f o r three values of i o n i s a t i o n density i n Figure 6.9. There i s 
good agreement, i n basic shape, w i t h the experimental curve shown i n 
Figure 6.8. 
The experimental p l o t of mean lengths, shown i n Figure 6.8 f o l l o w s 
the drop of the most probable length curve a t 1 fisec vdelay but t h i s drop 
i s soon counteracted by the development of the l o n g i t a i l of the length 
d i s t r i b u t i o n and so the mean value shows l i t t l e change over the whole 
range of delays up to 20 /j.sec. 
S i m i l a r constant values were obtained f o r the mean length generated 
using other f i e l d strengths and durations. For a f i e l d of 19.5 + O.lkV/cm 
the f o l l o w i n g mean lengths were obtained using delays i n excess of 5 [iseco 
Pulse length Mean Streamer Length 
15.85 + 0.2nsec 0.95 + 0.05 cms 
14 e8 + 0.2nsec 0.75 + 0.05 cms 
The most probable streamer lengths were also measured f o r three pulse 
lengths using a f i e l d of 19»5 kv/cm and the r e s u l t s are p l o t t e d as a f u n c t i o n 
of time delay i n Figure 6.10. The curve produced using the 15.85 nsec pulse 
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i s i n e x c e l l e n t agreement w i t h t h a t obtained t h e o r e t i c a l l y , f o r an i o n i s a t i o n 
d e n s i t y of 28 cm , shown i n Figure 6.9 and gives the same percentage drop 
i n length over the delay times covered by the curve. The experimental 
curve does depart s l i g h t l y from the smooth t h e o r e t i c a l curve i n the 
5/j. sec region but the departure i s bearly outside the experimental e r r o r . 
The e r r o r bars shown on Figure 6.10 are those produced i n estimating the 
peaks of the length d i s t r i b u t i o n s . The curve f o r a pulse length of 
14.8nsec shows greater departure from the t h e o r e t i c a l curve becoming much 
f l a t t e r towards longer delayso This i s a t t r i b u t a b l e to the loss of the 
s h o r t e r streamers from the photographs, due to the lack of s u f f i c i e n t 
photographic s e n s i t i v i t y . Thus f o r very short streamers the most probable 
value of streamer length w i l l tend towards the shortest phorographable 
l e n g t h . For Kodak 2475 type f i l m , under the conditions used here, t h i s 
l e ngth appears t o be around 4mm but some streamers of length shorter 
than 4mm are photographed as can be seen i n the length d i s t r i b u t i o n s shown 
i n Figure 6.7C 
No streamers could be photographed on t h e 2475 type f i l m when 
using a 13.6nsec long pulse and a f i e l d of 19.5kV/cm but i t was possible 
t o o b t a i n length d i s t r i b u t i o n s , a t delays of 600nsec and l//sec, using 
type 2485 f i l m . The streamers were again beyond photographic c u t o f f 
however, a t 5[i sec delay. 
6.4 The Streamer V e l o c i t y 
By means of an e l e c t r o n i c s h u t t e r and an image i n t e n s i f i e r w i t h a 
7 
gain of 10 , Davidenko e t a l (7) have measured the streamer v e l o c i t y i n 
neon f o r streamer lengths from 2.5 to 6.5 mm and using applied f i e l d s from 
10 t o 17 kv/cm. A summary of these r e s u l t s was given i n Figure 2.3 and 2.4. 
For long streamers, where the shape of the length d i s t r i b u t i o n i s not 
s i g n i f i c a n t l y a f f e c t e d by photographic cut o f f e f f e c t s , i t i s possible 
t o o b t a i n a measure of the streamer v e l o c i t y f o r f i e l d s approaching 20kv/cm. 
I f the most probable streamer length i s assumed to be independent of such 
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d i s t r i b u t i o n d i s t o r t i n g e f f e c t s and dependent only cn f i e l d strengths i t s 
d u r a t i o n , and the pulse time d e l a y 9 then the r e s u l t s given i n Figure 6.10 
may be used i n such a d e t e r m i n a t i o n The only points on the graph which 
may be regarded as being fre e from d i s t o r t i n g e f f e c t s are the 600nsec and 
l^sec delay p o i n t s f o r the 15.85 and 14.8 nsec pulse lengths. By 
considering the change i n the most probable length of the streamers, on 
increasing the pulse length by 1.05nsec, one obtains 
Streamer Length V e l o c i t y 
0.74 cm 3 02 + 0.7 x lC^cn/sec 
0.67 cm 2.95+ 0,7 x 108cm/sec 
0 05 cm 1..46 10^ cm/sec 
The l a s t r e s u l t was taken using a I3.6nsec pulse length and the 
e f f e c t s of photographic s e n s i t i v i t y l i m i t a t i o n s cannot reasonably be 
neglected. The streamer lengths quoted above are the mid points of the 
lengths through which the streamers grew during the time considered. 
The above r e s u l t s , f o r streamer lengths of 0.74 and 0.67 cms are 
i n good agreement w i t h the r e s u l t s of Davidenko et a l i f they are 
extrapolated t o the streamer lengths and f i e l d strengths used here and 
i t seems probable t h a t the small q u a n t i t y of helium present i n the 
streamer chamber a l t e r s the v e l o c i t y of the streamers by an amount 
w i t h i n the experimental e r r o r . 
The r e s u l t s of Davidenko et a l ( 7 ) , for f i e l d s of lOkV/cm and 
streamers 0.45cm lon g , show t h a t the negative and p o s i t i v e streamer 
v e l o c i t i e s are equal and the negative v e l o c i t y is equal to twice the 
p o s i t i v e at 18kV/cm. P a r t i c l e t r a c k s produced i n the streamer chamber 
using a f i e l d of 18.8kV/cm were examined and the lengths of the p o s i t i v e 
and negative d i r e c t e d streamers compared. Best f i t l i n e s were drawn 
through the t r a c k s using the geometrical centres of the shortest streamers 
as a reference. The extentions of streamers, exceeding 1 cm i n t o t a l 
l e n g t h , on each side of the l i n e were then measured. Figure 6 o l l shows 
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a s c a t t e r diagram of the r a t i o of the measured p o s i t i v e t o negative length 
as a f u n c t i o n of t o t a l lengtho 
Only, one obvious t r e n d i s shown by the r e s u l t s . The p o s i t i v e length 
exceeds the negative length by about 25% i n most cases but the apparent 
lack of v a r i a t i o n i n the length r a t i o as the t o t a l length changes suggests 
t h a t t h i s may be only a zero ef f e c t . The p o s i t i v e streamer simply s t a r t s 
to grow f i r s t . 
The above hypothesis i s i n d i r e c t c o n t r a d i c t i o n with Davidenko. His 
r e s u l t s were obtained using s i n g l e streamers and the presence of a large 
number of c l o s e l y packed streamers} along the t r a c k of an i o n i s i n g p a r t i c l e , 
may so modify the l o c a l f i e l d around any one streamer as to mask the e f f e c t s 
he described ( 7 ) . I f the streamer lengths i n the p o s i t i v e and negative 
d i r e c t i o n are dependent upon the l o c a l environment> i n p a r t i c u l a r the 
e l e c t r i c f i e l d d i s t o r t i o n s produced by neighbouring streamers, then t h i s 
may be s u f f i c i e n t to e x p l a i n the random nature of the points i n Figure 6 o l l . 
6.5. The Streamer Density 
The streamer density as a f u n c t i o n of time delay seen parpendicular 
t o the e l e c t r i c f i e l d i s s i m i l a r to t h a t seen p a r a l l e l to the f i e l d and 
i s shown i n Figure 6.12. The r e d u c t i o n i n the streamer d e n s i t y , seen 
a t delays of 5/usec, i s i d e n t i c a l t o t h a t shown i n Figure 5.5 and 5.6. The 
reasons f o r the decrease have already been discussed i n chapter f i v e and 
are a t t r i b u t a b l e t o the d i f f u s i o n of the electrons outside the f i r s t 
avalanche radius. 
The main feature of the graph i n Figure 6ol2 i s t h a t the 'zero" delay 
streamer density i s 1.8 compared w i t h 1.5 as seen p a r a l l e l to t i e f i e l d . 
I t may be expected t h a t more streamers w i l l be below the photographic 
cut o f f i n the perpendicular view where the photon f l u x emitted by the 
streamers i s l e a s t but t h i s i s compensated f o r by a geometrical e f f e c t . 
Streamers which would be obscured i n the p a r a l l e l view by the large end 
diameters of the longer streamers, become v i s i b l e i n the perpendicular 
view between the t h i n n e r c e n t r a l dimensions of such streamers. 
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As the e l e c t r o n s along the t r a c k d i f f u s e apart the streamer density 
increases* I n the perpendicular view there i s a l i m i t to the maximum 
number which can be seen. Each streamer represents a dead zone behind 
which streamers may form and not be seen. Thus considering lcng streamers 
and a mean o p t i c a l diameter of 2mmj the maximum streamer density which 
w i l l be seen i s o/cm and represents an asymptotic upper l i m i t f o r the 
streamer density shown i n Figure 6.12. 
6 06 The Streamer Centre_Di_splacement 
(a) Some T h e o r e t i c a l Considerations 
I n Chapter two i t was stated t h a t a streamer s t a r t s i t s growth from 
the head o f the avalanche when the avalanche has a t t a i n e d the Meek length. 
Thus the centre of a streamer i s displaced from the p o s i t i o n of the 
i n i t i a t i n g e l e c t r o n and w i l l introduce a systematic e r r o r i n t o the l o c a t i o n 
of elementary p a r t i c l e t r acks through the chamber. 
This distance may be estimated as f o l l o w s : -
The a p p l i e d pulsed f i e l d , as shown i n Figure 4.6, may be described 
approximately by the f o l l o w i n g equations 
p = F t f o r 0 < t <9 x 10~ 9 sec 6.1 
M X ado" 9 
E = f o r 9 x l O " 9 <t<15.6 x i c f 9 sec 6.2 
p _ p /, . \ f o r 15.6x 10~ 9< t<24.6x 10~ 9 s e c 6.3 
V 9x10 v / 
Where E i s the f i e l d and t i s time. 
Equation 2.1 i n d i c a t e s t h a t an avalanche w i l l a t t a i n the Meek 
length when the product CtVt approaches 20. The time i n t o the pulse 
a t which t h i s occurs may be obtained by i n t e g r a t i n g t h i s product over 
the shape of the pulse. I t i s necessary t o i n s e r t values of a and v 
which are both fu n c t i o n s of f i e l d . The data of Hughes ( 8 ) , f o r a as 
a f u n c t i o n of f i e l d i n 90% Neon and 10% Helium, may be approximated by 
the f o l l o w i n g equation. 
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S ^E^= 0.016 f E - 6o25^ cm"1 T o r r " 1 6.4 
where the symbols have t h i e r usual meanings. 
The value f o r the d r i f t v e l o c i t y of the e l e c t r o n i s taken to be 
given by the equation 
v = (15 + 2.44 x 10 1 G't) 10 5 cm sec"1' 6.5 
which i s a simple i n t e r p o l a t i o n of the data of von Engel ( 9 ) . 
The value of the i n t e g r a l , 
n - ( a (§) v ( | ) d t 6,6 
^o 
Using a peak f i e l d of. 20kV/cm and performed over the r i s e time o f 
the p ulse, gives a value of l n ( n ) = av t = 15.2 where n i s the number 
of e l e c t r o n s i n the avalanche. 
To o b t a i n a value of 20 f o r the product a v t the i n t e g r a t i o n 
must be continued i n t o the f l a t top of the pulse where the value of a 
-1 7 -1 
i s 312 cm and the d r i f t v e l o c i t y i s 2.35 x 10 cm sec • A f u r t h e r 
6.55 x 10 1 G > sec of the pulse increases l n ( n ) t o the required value of 
20 and at t h i s p o i n t the avalanche a t t a i n s the Meek length. The t o t a l 
elapsed time i s now 9.65nsec0 No account has been taken of the re d u c t i o n 
of the f i e l d i n the avalanche by the space charge of the electrons which 
may tend t o increase t h i s time s l i g h t l y . 
The Meek length may now be ca l c u l a t e d by i n t e g r a t i n g the d r i f t 
v e l o c i t y of the electrons i n the avlanche, given as a f u n c t i o n of f i e l d 
by equation 6.5, over the formative time. This gives the value of th e 
Meek l e n g t h , using a pulse of the type shown i n Figure 4.6, as' 1.22mm. 
I n the above discussion the avalanche has been taken t o s t a r t from 
only one e l e c t r o n but as was seen a t the beginning of chapter f i v e the 
avalanche may be i n i t i a t e d by several electrons and t h i s number w i l l vary 
along the length of a p a r t i c l e tracko The most probable f r a c t i o n o f the 
Meek length a t which the avalanches along a t r a c k w i l l transform i n t o 
streamers may be found using the model GAUSS. The ac t u a l displacements 
81 
of the centres of the streamers from the p o s i t i o n of the o r i g i n a l e l e c t r o n 
was c a l c u l a t e d using the value of the Meek length obtained above andis 
shown p l o t t e d as a f u n c t i o n of pulse delay time and i o n i s a t i o n density i n 
Figure 6.13. The e f f e c t on the displacement of the two parameters i s 
only about b% and f o r most purposes the streamer centre displacement can 
be regarded as 1.13mm. 
(b) An Experimental I n v e s t i g a t i o n 
To i n v e s t i g a t e the ideas expressed i n the previous sub s e c t i o n , 
streamer tracks which were produced by p a r t i c l e s which traversed the 
chamber at angles of about 30"' t o the v e r t i c a l were studied. Such p a r t i c l e s 
passed through the streamer chamber on both sides of the high voltage electrode 
as i s shown i n Figure 6.14. The streamer centre displacement, which i s 
towards the p o s i t i v e e l e c t r o d e , i s now equal and opposite on e i t h e r side 
of the c e n t r a l electrode thus f a c i l i t a t i n g a determination of t h i s distance. 
Such a measurement was s e r i o u s l y l i m i t e d i n i t s p r e c i s i o n by the l o c a t i o n a l 
accuracy of the p a r t i c l e t r a c k viewed perpendicular t o the applied f i e l d o • 
The accuracy w i l l be discussed f u r t h e r i n the f o l l o w i n g section. No 
s i g n i f i c a n t dependence of the o f f s e t on delay could be found and so the 
data taken under a l l conditions was averaged and the value of the d i s p l a c e -
ment was found t o be 2.9 + 0.4mm. This f i g u r e exceeds the experimental 
value of 1.13mm by an amount w e l l outside the experimental e r r o r . Possible 
sources of t h i s extra displacement are as follows., 
( l ) I n section 6.4 i t was stated t h a t the reverse streamer v e l o c i t y 
may exceed the forward v e l o c i t y by almost a f a c t o r of two, under 
the operating conditions used here ( 7 ) , hence the geometrical centres 
of the streamers may appear displaced towards the cathode. This 
displacement however, would be i n the opposite d i r e c t i o n to t h a t 
observed and should also be not i c a b l e where streamers of various 
lengths appear on the t r a c k s . I t has also been shown i n s e c t i o n 
6.4 t h a t no s i g n i f i c a n t d i f f e r e n c e between the v e l o c i t y of the 
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FIGURE 6.14 
A STREAMER TRACK LOOKING 90° TO THE APPLIED FIELD 
SHOWING THE STREAMER DISPLACEMENT. 
PULSE PARAMETERS 18.8kV/cm FOR I6nsec. 
PULSE DELAY 5jUsec 
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p o s i t i v e and negative streamers have been found and so the c o n t r i b u t i o n 
produced by t h i s e f f e c t to the streamer centre displacement i s 
considered n e g l i g i b l e . 
(2) A homogeneous e l e c t r i c c l e a r i n g f i e l d i n the chamber could produce 
a t r a c k displacement of the magnitude observed but the displacement 
produced by such an e f f e c t would depend on the pulse delay time. 
I t also c o n t r a d i c t s the a c t u a l nature of the f i e l d which was 
described i n section 6.2 as varying i n both strength and d i r e c t i o n 
throughout the chamber. 
(3) Photography perpendicular t o the applied f i e l d i s v i a 1.2cm of 
perspex which w i l l introduce an o p t i c a l d i s t o r t i o n of the streamer 
p o s i t i o n . The maximum angle subtended at the camera by any streamer 
i s only 16 making such d i s t o r t i o n s n e g l i g i b l y small compared with 
the observed displacement. 
(4) During the discharge of the Marx generator, before breakdown of the 
series spark gap 165 nsec i n t o the t r a n s i e n t , the charging current 
waveform of the p a r a s i t i c capacitor appears on the electrode s t r u c t u r e 
by c a p a c i t i v e coupling through the series spark gap. This pulse i s 
s i m i l a r i n form t o the prepulse produced by a Blumlein l i n e . The 
height of the t r a n s i e n t can be estimated from the capacity of the 
spark gap (25pf) and the t e r m i n a t i n g resistance of the electrodes 
and has been confirmed by measurements using the high voltage probe 
to be 7+ 1 kV under t y p i c a l operating conditions. 
The r e s u l t s of Bowe et a l ( l ) show, f o r the values of E/p used here, 
the d r i f t v e l o c i t y of electrons i n neon may be described by the equation 
The f i r s t I65nsec of the t r a n s i e n t waveform may be considered as the 
f i r s t h a l f cycle of a sine wave and so the distance d r i f t e d by the e l e c t r o n s , 
before the discharge of the series spark gap, i s given by the i n t e g r a l 
v x 10 cm sec 6.7 
r/2 
2_± 1.3x10 s i n dt 6.8 
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This i n t e g r a l may be solved i n terms of e l i p t i c i n t e g r a l s and these i n 
t u r n expressed by Gaussian hypergeometric s e r i e s . The approximate 
summation of these series gives the e l e c t r o n displacement as 
d = 0.51 T 
N 
| x 10^ cm 6»9 
Thus f o r a 7kV prepulse, l a s t i n g 165nsec and of s i n u s o i d a l form, the 
displacement of the i n i t i a l e l e c t r o n before the s t a r t of avalanche 
growth i s 1.32 mm. 
Adding t h i s value to t h a t obtained f o r the most probable avalanche 
le n g t h gives an expected streamer displacement of 2o45 mm which agrees 
reasonably w e l l w i t h the measured value,, The prepulse i s thought t o be 
the dominant agent i n producing the increased streamer o f f s e t but the 
other processes, i n p a r t i c u l a r the Townsend i o n i a a t i o n c o e f f i c i e n t 
being reduced by space charges are probably important. 
6 07 Locational Accuracy 
The f a c t o r s a f f e c t i n g the l o c a t i o n a l accuracy looking perpendicular 
t o the applied f i e l d are e s s e n t i a l l y the same as those already described 
i n the previous chapter w i t h respect t o the view p a r a l l e l t o the f i e l d o 
A procedure, i d e n t i c a l t o t h a t o u t l i n e d i n Chapter six,was used t o measure 
the l o c a t i o n a l accuracy and the r e s u l t s , found using tracks 50cm l o n g , 
are shown f o r points near the t r a c k centre i n Figure 6.15 and near the 
edge i n Figure 6.16. The f i n i t e length of the streamers plays a s i g n i f i c a n t 
p a r t i n the l i m i t a t i o n of the l o c a t i o n a l accuracy and, a t the centre of the 
t r a c k , completely dominates the e f f e c t s of d i f f u s i o n . The accuracy i s 
between 0.3 and 0.4 mm over a l l delays up t o lOO^sec. The dependence of 
accuracy on streamer length i s f u r t h e r i l l u s t r a t e d by i t s considerable 
increase when the streamer length i s reduced from 6.0 t o 4.0 mm, Figure 6.15* 
Again the r e s u l t s of spurious clearing f i e l d are i n d i c a t e d by the size 
of the e r r o r bars and are much greater near the edge of the t r a c k . Here 
the p a r t i c l e approaches the w a l l of the chamber where the c l e a r i n g f i e l d , 
the o p t i c a l d i s t o r t i o n s , and the curve f i t t i n g e r r o r s are greatest. The 
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zero e r r o r s , a t t r i b u t a b l e t o the method of measuring, are shown on the 
diagrams. 
6.8 S p a t i a l Resolution 
The r e s o l u t i o n as seen perpendicular to the applied f i e l d i s also 
l i m i t e d by the streamer length. Avalanches growing on two independent 
t r a c k s , w i t h i n one streamer length of each o t h e r , w i l l j o i n together 
and t h e i r i n d i v i d u a l i t y w i l l be l o s t . The l i m i t to which the streamer 
length may be reduced i s set by the e l e c t r i c a l streamer i n t e r a c t i o n 
distance. This was R . = 0„65cm i n the p a r a l l e l plane and must be a 
s i m i l a r value here. I t i s probable t h a t a reduction of the streamer 
length beyond 0.5cm w i l l not g r e a t l y reduce the r e s o l u t i o n . The e f f e c t 
of d i f f u s i o n upon r e s o l u t i o n w i l l be more masked i n t h i s d i r e c t i o n than 
lo o k i n g p a r a l l e l to the f i e l d as the streamer length i n v a r i a b l y exceeds 
i t s diameter. 
Chapters f i v e and s i x have been an account of the basic p r o p e r t i e s 
of the streamer chamber. I n the f i n a l chapter these pro p e r t i e s and the 
o p e r a t i o n of the system as a whole w i l l be discussed, and its.limitations.and 
c a p a b i l i t i e s i n v e s t i g a t e d . 
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C H A P T E R S E V E N 
DISCUSSION AND CONCLUSION 
I n t h i s* the f i n a l chapter, an assessment w i l l be made of the 
streamer chamber design and any improvements and extensions of i t s 
basic operating pr inciples which may be useful w i l l be made. The 
l imi t a t ions of the streamer generation model GAUSS and the implications 
of the resul ts produced by i t w i l l be considered. The experimental 
r e s u l t s » which were presented i n the previous two chapters outl ine 
the boundary of usefulness of the streamer chamber as a t o o l of 
Physics and these properties w i l l be compared with t he i r equivalents 
as exhibited by other pa r t i c le detectors> i n par t icular the bubble 
chamber. 
7 . 1 . The Design 
The preceding chapters have shown that the pr inciple of using 
a water d i e l e c t r i c capacitor as the energy storage element i n the 
f a s t discharge c i r c u i t used to drive a streamer chamber i s v iable . 
The size of t h i s part of the c i r c u i t has been successfully reduced 
to about one tenth the size of an equivalent Blumlein l i n e . 
The system i s very re l iab le and the produced pulse shows l i t t l e 
sign of short term d r i f t , the height being stable w i th in + O.lkV/crr. 
and the length wi th in + 200psec. The s t a b i l i t y of the pulse i s perhaps 
best represented by the tv/o streamer d i f f u s i o n curves shown i n 
Figure 5.10. The only difference between the two curves i s 900psec 
i n pulse length. The resul ts were taken over a period of two weeks 
f o r each curve and the closeness of the points to the f i t t e d l ine 
is indica t ive of the control of the pulse possible over th i s sort of 
time scale 0 Changes i n the characterist ics of the water used as a 
d i e l e c t r i c i n the paras i t ic capacitor are more of a problem and the 
water must be replaced a f t e r 2 or 3 months use. This problem could be 
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overcome however, by cycl ing the water through a p u r i f i e r or by using 
a f lush ing system. 
The control over the length of the high voltage pulse was quite 
adequate but less than that hoped f o r , although any control i s an 
improvement over the Blurnlein l ine system i n which d i f f e r e n t l ines 
must be used to produce d i f f e r e n t pulse lengths. Attempts to produce 
pulses of lengths outside those used to obtain the resul ts i n t h i s 
thes i s , that i s less than 13.6 n sec and longer than 17.0nsec, tended 
to a l t e r the basic shape of the pulse and make a reasonable comparison 
of data taken using such pulse lengths impossible. 
The change i n shape occurs when the f l a t top of the pulse i s 
eliminated and the pulse becomes tr iangular ra ther than trapesium 
shaped. A decrease i n the r i se time of the pulse w i l l therefore 
extend the range of possible pulse durations. 
^he need to use two high pressure, high voltage spark gaps makes 
the layout of the components i n the water tank f a r from ideal although 
a close approximation to a coaxial design has been achieved. Some of 
the above problems should be solved by the second generation streamer 
chamber pulsing system described below. I t i s based on the same 
pr inc ip les as the f i r s t streamer chamber and u t i l i s e s a parasi t ic 
capacitor with a water die lect r ic . , 
7.2. A proposed second generation Streamer Chamber 
The main aim i n designing the improved version of the streamer 
chamber was to eliminate the need f o r two spark gaps and to improve 
the geometry of the component layout,with a coaxial system as the idea l . 
In Figure 2.14 we saw plot ted the voltage remaining on the Marx 
generator capacity when the peak of the transient on C i s reached. 
I f the series spark gap f i r e s during the peak,then t h i s voltage i s that 
which must be removed from the Marx generator by the shunt spark gap0 
There i s one point on Figure 2.14 where t h i s voltage and hence energy 
i s zero. There i s no residual voltage on the Marx generator i f the 
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paras i t ic capacity i s equal to the Marx generator capacity, and, as 
was assumed i n calcula t ing the data fo r Figure 2.14, they are idea l ly 
coupled with no res i s t ive damping., I f th i s condition can be achieved 
the shunt gap may be eliminated. The pulsing system may now be 
constructed using a coaxial component layout and such a design i s 
shown i n Figure 7.1„ The c y l i n d r i c a l parasitic capacitor, a single 
spark gap and, i f small enough, the Marx generator may a l l be housed 
inside a single metal cyl inder . The diameters of the central and 
outer conductors are chosen to minimise breakdown, while the value of 
C may be control led by simply varying the length of the water f i l l e d 
section. 
By making the paras i t ic capacity equal to the Marx generator 
capacity i t may be necessary to depart from the optimum condition 
of C
 =J~<"'~ m1 a s ^ e on^-Y w a y ^° a c ^ - e v e 'the condition i s by making 
the chamber capacity and paras i t ic capacities equal, ^his leads 
to the need f o r generators with inconveniently high output voltages. 
G 
c 
I t i s probably more convenient to use a lower value of £r than that 
P 
given by the above re la t ionship . This would r e su l t i n an ine f f i c i ency 
i n the energy t ransfer from to C^. As can be seen i n Figure 2.10 
and Figure 2.11 the s i tua t ion i n which C = C = 4G would give a J m p c 3 
decrease of 36% i n t h i s energy t ransfer e f f i c i e n c y but there would be 
a corresponding increase of 60% i n the voltage t ransfer e f f i c i e n c y 
which would leave the product of the two largely unchanged from the 
s i tua t ion i n which C - C = C . This is considered acceptable as the 
m p c 
voltage t ransfer e f f i c i e n c y i s more important than energy t ransfer 
when concerned with such systems operating i n the megavolt region. 
I t should be simpler to control stray capacities with the arrangement 
shown i n Figure 7,1 than i n the present system but the var ia t ion of the 
d i e l e c t r i c constant of barium t i tana te with voltage may cause departures 
from the condit ion C = C at times durinq the pulse but such e f f ec t s 
p c 3 
w i l l probably be small and could be completely removed by using paper-
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o i l type capacitors i n the Marx generator. 
I f the central conductor can be made hollow, u l t r a v i o l e t l i g h t 
from the Marx generator spark gap may be used to i l luminate the series 
spark gap, thereby allowing the removal of the radio-active source 
which produced the electrons necessary to i n i t i a t e breakdown Such 
a hole should be sealed by a quartz window to maintain the desired 
pressures i n various parts of the system. 
The pulse produced on the electrodes by th i s system should be 
of the pure 'KG' type. The loss of the shunt gap precludes any 
active control over the pulse length but fo r small systems, where the 
e f f ec t s of a s l i gh t electrode termination mismatch can be neglected, a 
l im i t ed control may be achieved by varying the value of the terminating 
re s i store 
The pulse length i t s e l f should be even more stable than when 
a spark gap i s used to produce i t s t r a i l i n g edge as i t s length w i l l 
be determined by passive components only 0 
Water f i l l e d Blumlein l ines have been considered but they w i l l be 
much more complex i n t h e i r design and construction than the system' 
described above and have been avoided as the use of a square pulse i s 
not essential f o r most appl icat ions. 
7.3 Comments on the High Voltage Probe 
The values of the e l e c t r i c f i e l d intensi ty i n the streamer chamber 
quoted throughout th i s thesis were measured using the transmission l ine 
probe described i n chapter three. The ca l ibra t ion factor was measured 
as 176 t 5kV/cm but the e f f e c t of using frequencies much greater than 
the ca l ib ra t ing frequency has not been considered. L i t t l e difference 
was found between ca l ib ra t ing the probe' with 50Hz sine waves and megacycle 
high voltage pulses between which frequencies the d i e l ec t r i c constant 
of the melinex probe support decreases by 6%. A s imi lar rate of decrease 
would lead to an overestimate of the ca l ibra t ion factor by about 9%. 
The repercussion of such an e f f e c t on the results presented here i s not 
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grea t . Never need the f i e l d strength be known accurately, the important 
thing being the detection of changes i n that f i e l d . This was achieved 
quite adequately using the probe0 The difference i n the shapes of the 
pulses employed by various workers f a r outweigh errors i n pulse height 
measurement i n t h e i r e f f e c t on the comparison of resultso Empirical 
relat ionships produced from such data, although p rac t i ca l ly u s e f u l , 
must be of considerably less physical s ignif icance 0 
7.4 The Streamer Generation Model GAUSS 
The behaviour of the model GAUSS has already been compared with 
the actual behaviour of the streamer chamber i n preceding chapters. 
The model has proved pa r t i cu l a r l y useful i n predict ing the shape of 
the graph of streamer density as a funct ion of time delay and the e f fec t s 
of delay on the most probable streamer length. Better control of the 
relevant parameters, such as the var ia t ion of the streamer in terac t ion 
distance with streamer length , w i l l doubtless lead to closer agreement 
between the model's predictions and experimental resul ts . 
I t was found d i f f i c u l t to produce streamer length d is t r ibu t ions 
which compared favourably with those measured but i n t h i s case much 
data concerning the va r i a t ion of the streamer veloci ty with e l e c t r i c 
f i e l d i n t e n s i t y , the length of the streamer, the environment produced 
by i t s locat ion on the track of an ionising par t ic le and the nature 
of the photographic response near i t s l i m i t of s e n s i t i v i t y , which i s 
unavailable at present, i s needed to transform the output of the model 
into the same form as an actual d i s t r i b u t i o n . 
Further improvements may be made to the model by considering i n 
greater d e t a i l the s t a t i s t i c s of avalanche growth. In chapter f i v e the 
probabi l i ty that an avalanche, started by one electron, w i l l grow to 
a size between n and n + S n electrons, a t a distance x from i t s s t a r t , 
i s given by the Furry d i s t r i b u t i o n . 
p(n,x) - -^r exp (- £ ) 5.6 
n n 
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This re la t ionship has been confirmed by the l inear shape of the 
( l n ( p ( n , x ) ) ,n) p lo t by Schlumbohm ( l ) , Cookson and Ward (?.), and 
Cookson, Ward and Lewis ( 3 ) . At high values of " Schlurnbohm (4 ) 
found departures from the above equation i n the shape of a maxima 
at low values of n 0 He a t t r i bu ted th i s to the f a i l u r e of the condition 
necessary to establ ish the Furry d i s t r i b u t i o n , namely that each electron 
has the same probab i l i ty a x of an ionising c o l l i s i o n , i n the in t e rva l 
S x , at a distance x from thes tar t of the avalanche and that t h i s 
p robab i l i ty is independent of the distance t ravel led from the previous 
ionis ing c o l l i s i o n . This condit ion f a i l s when O. ^ the average distance 
Vi 
between ion is ing c o l l i s i o n s , i s not much greater than — , the 
minimum distance over which an electron may gain the ionisat ion potent ia l 
E 
V i . Schlurnbohm has shown that the value of the quantity H = —^77 
determines the type of d i s t r i b u t i o n . The value of H used here i s 
t y p i c a l l y less than 5 and i s below the value of 12 above which the 
Furry d i s t r i b u t i o n holds. 
The s t a t i s t i c s of avalanche growth, f o r values of H less than 12 
have been treated by Legler (5) and Byrne (6) and are summarised by 
Cookson and Lewis (7). The peaked dis t r ibut ions are found to be of 
the Polya type and may be obtained i n a manner s imilar to that f o r the 
Furry d i s t r i b u t i o n by considering that the ionisat ion c o e f f i c i e n t 
i s a decreasing funct ion of avalanche size n and i s of the form 
a = a (1+ ^ ) 7.1 
where a i s the l i m i t i n g value of a' f o r large n which is normally 
about 100 and a is a parameter dependent upon the type of gas. Byrne 
(6) has shown that t h i s assumption leads to a Polya d i s t r i b u t i o n fo r 
n of the form 
7.2 
where b = ( l+a ) . 
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The l i m i t i n g cases are b -*• 1 and b-»oo leading to the Furry and 
Poisson d i s t r i b u t i o n respect ively. I f the electrons i n an avalanche 
growing on a pa r t i c le track do obey th i s type of peaked d i s t r i b u t i o n 
rather than the Furry d i s t r i b u t i o n as was used i n equation 7.2,then th is 
may be a fu r the r reason f o r the discrepancy between the d i f f e r e n t i a l 
p l c t of streamer number produced on a par t ic le track as a funct ion of 
L / L , and the experimentally obtained streamer length d i s t r ibu t ions} 
where L i s the distance through which the avalanche has d r i f t e d when 
the avalanche transforms into a streamer and L M i s the Meek length. I t 
i s most l i k e l y however, that the e l ec t r i c f i e l d perturbations and the 
photon f l u x from neighbouring streamers on the t rack , w i l l have a greater 
e f f e c t on track formation than the above mentioned corrections to the 
electron number d i s t r i b u t i o n of the avalanches. 
7.5 The, Limits of Track Location 
Most applications of the streamer chamber w i l l r e ly oh i t s 
a b i l i t y to delineate the track of an elementary par t ic les i n space. Any 
errors which the device may introduce into such measurements are of v i t a l 
importance and can be divided into two groups, 
(a) Random Errors 
These l i m i t the precision with which the centre of the l ine of 
streamers may be located and are the source of the locat ional accuracy 
as shown in Figures 5 .11 , 6.15 and 6.16. 
At short pulse delays the accuracy i s l imi t ed by the f i n i t e streamer 
dimensions and to a much smaller extent by the distance the electrons 
t r ave l from t h e i r o r i g i n a l posit ions while thermalising. Experiments 
requir ing the maximum locat ional accuracy must use the shortest pulse 
delay and the smallest streamers possible. Using the shortest photo-
graphable streamers which were about 0.4cm long i n th i s case the measured 
locat ional accuracy i s about 0.25mm both perpendicular and pa ra l l e l to the 
applied f i e l d at the centre of a 50cm track (sections 5.10 and 6 .6 ) . 
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Increasing the delay allows the ef fec ts of d i f f u s i o n and spurious 
f i e l d s to considerably increase th i s value. I t is possible to p a r t i a l l y 
reduce both e f f e c t s . The deviation of the streamers from the centre of 
a par t ic le track has been shown to be dependent on the size of the applied 
pulse and, by selecting the areas with a high electron density, only the 
centre of the track need be made v i s i b l e . The e f f e c t of spurious clearing 
f i e l d s i s more troublesome. Fields produced by edge breakdown and 
f r i c t i o n can be eliminated by ca re fu l construction but the e f f e c t of 
sparks produced by par t ic les t r a v e l l i n g along the f i e l d l ines can only be 
removed by el iminat ing the insula t ing material between the chamber gas 
and the electrodes. In ternal wires or meshes must be closely wound to 
minimise f i e l d d i s to r t ions i n the gas and w i l l reduce the op t ica l 
transmission of the chambers and so a conducting t h i n f i l m may o f f e r 
a better so lu t ion , 
(b) Systematic Errors 
That the pos i t ion of the centre of the streamer t rack , when i t has 
been located with the maximum accuracy obtainable, may not be the 
pos i t ion of the pa r t i c l e track i s , i n some experiments, even more 
important than the e f fec t s of random errors. These systematic errors 
resul t i n the t o t a l displacement of the display to one side of the 
actual event. 
I n the streamer chamber described here there are two main sources 
of such aberrations. The f i r s t i s the displacement due to the Meek length. 
The pulses used here produce theore t ica l Meek lenths of 1.13mm i n the neon 
helium gas mixture and a s imilar f igure w i l l apply to a l l streamer chambers 
which work on the same p r inc ip l e . A small reduction could be obtained 
by shortening tho r ise time of the pulse and by using pulses of higher 
amplitude. A 20kV/c m pulse with an i n f i n i t e l y short r ise time would 
give a Meek length of not less than 0.6mm and t h i s i s probably the lower 
l i m i t . 
The second source of systematic error is a device e f f e c t but one 
which i s common to several types of pulsing system. The waveforms 
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produced i n the slow discharge parts of the c i r c u i t , f o r example the 
discharge of the Marx generator onto the parasi t ic capacitor or 
Blumlein l i n e , are coupled through to the rapid discharge parts of 
the c i r c u i t . This pulse causes the electrons l e f t by the ionis ing 
pa r t i c l e to be displaced and a systematic error i s introduced. 
Here the charging current wave form of the parasi t ic capacitor 
i s coupled to the electrodes by the capacity of the series spark gap 
The resultant electron displacement was given, i n chapter f i v e , to be 
1.32mm. This can be reduced by minimising the capacity of the spark gap 
and a decrease by a fac tor of two or three should be possible with careful 
design. The shape of the waveform i s controlled by the charging inductance 
between the Marx generator and the parasi t ic capacitor. As the t o t a l 
amount of charge being transferred to the capacitor is constant, f o r 
f i xed operating condit ions, then the area under the transient w i l l be 
constant and any attempt to reduce i t s length w i l l resul t i n a corresponding 
increase i n height . The displacement of the electrons, at the f i e l d 
strengths considered here, was shown i n chapter f i v e to be given by 
d = 0 . 5 1 r j - x 10 cm 6.8 
P 
Thus the dependence of d on (E) 2 means that a decrease i n the duration 
of the t ransient w i l l resul t i n an overal l reduction of the er ror . 
7.6 Secondary Information from Streamer Tracks 
The a b i l i t y of a detector to y i e l d more information about a pa r t i c le 
than i t s locat ion i n space i s an obvious advantage fo r any instrument. The 
degree of ion isa t ion produced i s of prime importance. Even though an 
expected change of 20% i n the ionisa t ion density could not be resolved by 
changes i n the streamer densi ty, t h i s is by no means an indicat ion of the 
imposs ib i l i ty of ionisa t ion measurements using th is gas mixture. According 
to the output of the model GAUSS such a change should be j u s t resolvable 
i f the accuracy of the measurements can be improved even f u r t h e r . 
Another way to investigate ionisat ion i n the 70% neon gas mixture 
would be by measuring the streamer lengths or parameter which, unlike 
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the streamer density, does not become saturated as the streamer length 
increases. The model GAUSS was used to produce the expected relat ionship 
between the most probable length and the ion isa t ion density. This i s 
shown i n the form of a p lo t of ( l - T - MAX) against ionisa t ion density, 
f o r delays of 600nsec to 20/isec, i n Figure 7.2. The s ens i t i v i t y i s 
no greater than that shown by the streamer density but does extend 
in to regions of delay at which the density can not be used, thus 
allowing the use of minimum delays and hence higher spat ia l accuracy. 
The use of d i f f e r e n t gas f i l l i n g s to reduce the ionisa t ion density 
has been attempted by some workers. Helium and hydrogen o f f e r both a 
low ion isa t ion and a useful nucleus to use as a target (9) . By 
allowing the electrons to d i f f u s e apart streamers may form on each 
ind iv idua l electron and the ion isa t ion measured d i r e c t l y . Komarov et 
a l (10) produced photographable streamers i n helium with 15kV/crn 
pulses of 50nsec half width and i n hydrogen with pulses of 20kV/cm f o r 
lOOnsec. There are problems however, associated with the use of these 
gases. F i r s t l y the e l ec t r i c f i e l d s are large and are usually applied 
f o r a long time (lOOnsec) thus requir ing the need f o r large energy 
sources fo r a system of useful volume. This is incompatable with the 
production of f a s t r i s i n g pulses and easily managed systems. As was 
found using the 70% neon 30% helium mixture, the helium did tend to 
be los t through porous materials i n the system, and the gas may be 
more d i f f i c u l t to keep pure than the neon mixture. The t h i r d problem 
is that of the poor emitted l i g h t in tensi ty from both helium and 
hydrogen. Photographable streamers i n helium tend to be long and even 
cross the gap between the electrodes. Falomkin et a l ( l l ) made the 
centres of such streamers more luminous than the rest of the streamer 
by contaminating the gas with hydrocarbons which reduced the l i g h t 
output from areas of lower electron density than the streamer centre. 
Image i n t e n s i f i e s can be used (9) but l i m i t the size of such systems 
because of t h e i r poor resolu t ion . In hydrogen,fields up to 40kV/cm 
Streamer Generation Model Gauss 
oOOnsec 
20usec 
30 
No of e"/cm 
40 
Figure 7.2 
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have been used wi th pulses of only 6nsec duration (12) but photographable 
streamers s t i l l crossed the gapQ Such intense f i e l d s are d i f f i c u l t to 
produce } p a r t i c u l a r l y i n large systems and mixtures of gases may provide 
a so lu t ion . For example helium may be used with the addi t ion of a few 
percent of neon, s u f f i c i e n t to increase the luminosity of the streamers 
to the level necessary fo r photography but not enough to seriously 
increase the ionisa t ion density i n the gas. The second generation 
streamer chamber described ea r l i e r i n th i s chapter would provide the 
f l e x i b i l i t y necessary f o r such work. 
The most probable streamer length also shows a useful s e n s i t i v i t y 
to the time between the passage of the par t ic le and the appl icat ion 
of the high voltage pulse. Such an e f f e c t was shown i n Figure 6.8 
and 6.10 and may be of great use i n the study of cosmic rays where 
the time of a r r i v a l of par t ic les i s of ten important. The resul ts 
obtained here show a possible time resolution of better than l^jsec 
f o r small delays but i t was not possible to make a study using delays 
less than 600nsec because of the inherent delay i n the streamer chamber 
system. There i s good agreement between the experimental and the 
theore t ica l shape of the curve and so the model output may be used i n 
such regions to predict the chamber's behaviour. 
7.7 A Comparison with other detectors 
As a .means of pa r t i c le track v i sua l i sa t ion , the streamer chamber 
i s a member of the same group of detectors as the bubble and cloud 
chambers. I t s behaviour i s largely that of i t s progenitors however, 
and the streamer chamber has more i n common with the spark and 
proportional chamber than the bubble chamber, a device i t may eventually 
replace i n many regions of nuclear physics. 
The basic accuracy of the bubble chamber i s greater than that 
obtained with a streamer chamber. Data analysis programmes such as 
'Thresh' give rms deviations i n space of 0.1mm f o r bubble chambers (13) 
compared with 0.25mm f o r the streamer chamber ( 8 ) , f o r t yp i ca l 9 point 
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f i t s to pa r t i c l e tracks. The accuracy of the bubble chamber i s l imi ted 
by the optics as the A i ry disc is usually larger than the bubble diameter, 
whereas i n a conventional streamer chamber the dimensions of the streamer 
themselves are the l i m i t i n g f ac to r D Image i n t e n s i f i e r systems allow the 
use of much shorter streamers but tie rather poor resolut ion of such 
devices precludes t he i r use i n photographing the size of chambers 
normally involved i n nuclear physics experiments. The bubble chamber 
also o f f e r s better spat ia l r e so lu t ion , i t being about ten times greater 
than i n a streamer chamber which was shown i n chapter f i v e , to be about 
0.65cm looking pa ra l l e l to the f i e l d . 
For most purposes a separate t a rge t , usually l i q u i d hydrogen, i s 
used i n a streamer chamber, making the interact ion vertex i nv i s i b l e but 
Meyer (8) reports no d i f f i c u l t y i n i t s reconstruction. Below are compared 
the t y p i c a l errors involved i n reconstructing such a vertex i n a streamer 
chamber and a l i q u i d hydrogen bubble chamber. 
Streamer Chamber BtjbbJ.e Chamber 
x = + 0.5mm x = + 0.04 to 0.1mm 
y = + 0.5mm y = + 0„04 to 0.1mm 
z = ± 2.0mm . z = + 0.4 to 1.0mm 
The streamer chamber does escape the multiple scattering found i n the 
l i q u i d f i l l e d bubble chambers which can amount to 1% i n 80cm f o r a lGeV 
pion and the energy loss i n the streamer chamber is typ ica l ly f i f t y times 
less than i n the bubble chamber where i t is about 20MeV/M. This advantage 
of the streamer chamber w i l l be less s ign i f i can t at very high energies 
(300GeV) when both scattering and energy loss i n the detector are less 
important. 
Some secondary sources of error which are not found i n a streamer 
chamber are:- the track displacement caused by the f l u i d motion during the 
expansion cycle , the e f f ec t s of thermal convection and the var ia t ion of 
r e f r a c t i v e index i n the bubble chamber l i q u i d due to turbulence. These 
are replaced by similar ones i n the streamer chamber which are caused 
by spurious e l ec t r i c f i e l d s and the track displacements,caused by the 
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Meek length s h i f t and prepulses. The former can be controlled to wi th in 
acceptable l i m i t s by care fu l design of the chambers and the l a t t e r can 
probably be determined accurately enough to be corrected fo r i n calculat ions. 
The resul t of such e f f ec t s i n determining the masses of par t ic les 
produced i n a hydrogen target i n a streamer chamber has been reported 
by Meyer and the errors on the masses compare well with bubble chamber 
data. For example:-
Par t ic le Streamer Chamber Bubble C hamber 
CO A M o i = 35MeV 20MeV 
n A M n = 220MeV lOOMeV 
In chapter f i v e i t was shown that a change i n ionisa t ion density from 
minimum to 1.2minimum ionis ing could not be detected but the model GAUSS 
indicates that a change of 30 to 40% should be measurable and the 20% 
change may j u s t be resolvable i f the errors on the measurements can be 
reduced to about h a l f . These f igures are typ ica l of bubble chamber 
s e n s i t i v i t i e s to ionisa t ion but the bubble chamber does give about 12 
bubbles/cm allowing a bu i ld up of better s t a i s t i c s than i n the streamer 
chamber where the streamer density is only about 2crn This f igure could 
be improved i n the streamer chamber by the use of d i f f e r e n t gas mixtures 
involving helium and hydrogen. The streamer chamber does have the 
advantage of forming i t s tracks on the electrons produced by the detected 
pa r t i c l e i n a manner which i s more d i rec t than i n the bubble chamber and 
greater control over the performance of the device by using techniques 
t r a d i t i o n a l l y applied to spark chambers i a possible. 
The sensitive time of a basic streamer chamber i s governed by the 
d i f f u s i o n of the electrons to the wal l of the device and th is usually 
takes about 1msec. Long before t h i s occurs the track becomes too d i f f u s e 
to be useful and so the maximum useful sensitive time i s about 5Qisec. 
This f igure may be greatly reduced, by the addi t ion of very small quanti t ies 
of electronegative gases (~lppm) for example SF^, to less than 1 fj, sec. 
A very high pa r t i c l e f l u x through the chamber may then be tolerated and 
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t h e r e q u i r e d e v e n t s can be s e l e c t e d by e x t e r n a l c o u n t e r s . An e v e n t r a t e 
5 - 1 
o f 2 x 10' sec i n a lOcrn l i q u i d h y d r o g e n t a r g e t i s p o s s i b l e b u t the da ta 
a c q u i s i t i o n i s l i m i t e d by t h e camera t r a n s p o r t t i m e t o a b o u t 2sec ^ w h i c h 
i s t y p i c a l o f t h e r e p e t i t i o n r a t e o f c u r r e n t bubb le chamberso Work on 
t h e SLAC r a p i d c y c l i n g bubb le chamber ( 1 4 ) may o f f e r r e p e t i t i o n r a t e s o f 
20sec and t h e u l t r a s o n i c l y d r i v e n chamber U 5 ) may o f f e r a k i n d o f 
c o n t i n u o u s s e n s i t i v i t y b u t t h e p o t e n t i a l data o u t p u t o f t he s t r e a m e r 
chamber w i l l f a r exceed t h i s i f t he a n c i l l i a r y equipment can be d e v e l o p e d 
s u f f i c i e n t l y . The p e r f o r m a n c e o f t h e s t reamer chamber a t h i g h r e p e i t i o n 
r a t e s i s a l s o a f f e c t e d by i t s memory t i m e which E c k a r d t has shown i n 
e x p e r i m e n t s on t r a c k s t o r a g e t o be a b o u t 10msec (16 ) bu t t he a d d i t i o n 
o f e l e c t r o n e g a t i v e gas t o t h e chamber w i l l r educe t h i s t o w i t h i n t h e 
d e s i r e d r a n g e . 
The t i m e r e s o l u t i o n , as d i s t i n c t f r o m the s e n s i t i v e t i m e , where the 
d i f f e r e n c e i n t h e t i m e o f a r r i v a l o f two p a r t i c l e s a c t u a l l y v i s u a l i s e d i s 
r e q u i r e d has been shown i n c h a p t e r s i x t o be b e t t e r t h a n o t h e r t r a c k 
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d e v i c e s and i s l e s s t h a n 1 / i s e c a f a c t o r o f 10 l e s s t h a n the b u b b l e chamber. 
7 . 8 C o n c l u s i o n . 
The s t r e a m e r chamber i s o f s i m i l a r v e r s a t i l i t y t o t h e bubb le chamber 
b u t has s e v e r a l a d v a n t a g e s . Perhaps t h e g r e a t e s t o f t h e s e i s t h e c o s t w h i c h , 
f o r d e t e c t o r s o f e q u a l a c t i v e v o l u m e , i s 10 t o 100 t i m e s l e s s t h a n t h a t o f 
t h e e q u i v a l e n t b u b b l e chamber. The work i n t h i s t h e s i s has d e m o n s t r a t e d 
t h a t s t r eamer chambers , c o n s i d e r a b l y s i m p l e r t h a n t h e t y p i c a l b u b b l e chamber 
and even s i m p l e r t h a n t h e f i r s t s t r e a m e r chamber, can be c o n s t r u c t e d w i t h i n 
t h e m a t e r i a l and f i n a n c i a l r e s o u r c e s o f a u n i v e r s i t y d e p a r t m e n t . T h a t such 
d e v i c e s have a g r e a t f u t u r e t h e r e can be no d o u b t b u t perhaps t h e i r 
g r e a t e s t p o t e n t i a l w i l l be i n p r o v i d i n g r e s e a r c h g r o u p s , who may n o t possess 
a b u b b l e chamber o r e x t e n s i v e s p a r k chamber sys tem because o f f i n a n c i a l 
l i m i t a t i o n , w i t h a s o p h i s t i c a t e d t r a c k d e t e c t o r . 
The most r e w a r d i n g avenues o f r e s e a r c h on s t r eamer chambers a r e 
c o n n e c t e d w i t h t h e deve lopment o f s i m p l e r systems u s i n g more advanced 
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t e c h n i q u e s and i t i s sugges ted t h a t t he second g e n e r a t i o n s t reamer chamber 
d e s c r i b e d e a r l i e r i n t h i s c h a p t e r w i l l make a s t a r t i n g p o i n t f o r such 
i n v e s t i g a t i o n s . The y i e l d o f s econda ry i n f o r m a t i o n f r o m t h e d e v i c e c o u l d 
be i m p r o v e d w i t h a b e t t e r u n d e r s t a n d i n g o f s t reamer f o r m a t i o n i n v a r i o u s 
gas m i x t u r e s and an i n v e s t i g a t i o n o f a l l t h e m a j o r r a r e gases i s recommended. 
The l ow Z gases can be used f o r i o n i s a t i o n measurement and t h e h i g h Z gases 
a t h i g h o r l ow p r e s s u r e may be used f o r X o r y r a y c o n v e r s i o n . 
As t o t h e f u t u r e , some e x c i t i n g e x p e r i m e n t s w i t h L a s e r i n d u c e d 
b r e a k d o w n , h i g h l y l o c a l i s e d a r o u n d t h e e l e c t r o n s p roduced by t h e p a r t i c l e , 
a r e p r o c e d i n g ( 1 7 ) . I n p r i n c i p l e t h e h i g h e l e c t r i c f i e l d l - l C W / c m 
p r o d u c e d by a p u l s e d CO^ l a s e r i s used t o a c c e l e r a t e t h e e l e c t r o n s . As 
14 
t h e f i e l d i s o s c i l l a t i n g w i t h , f r e q u e n c y o f 10 Hz t h e e l e c t r o n s a l s o 
o s c i l l a t e a b o u t a f i x e d p o i n t and even t h o u g h t h e e l e c t r o n d e n s i t y 
i n c r e a s e s by i o n i s a t i o n the r a d i u s o f t h e luminous c e n t r e i s m a i n t a i n e d 
b e l o w 100 / ! m. Such a d e v i c e o b v i o u s l y o f f e r s e x t r e m e l y h i g h s p a t i a l 
a c c u r a c y and r e s o l u t i o n b u t as y e t i s a t t h e b o u n d a r i e s o f p r e s e n t 
t e c h n i q u e s . The m a i n d i f f i c u l t i e s a re i n o b t a i n i n g the enormous power 
d e n s i t i e s r e q u i r e d o v e r a s i g n i f i c a n t volume and i n t h e t r i g g e r i n g t h e 
sys tem w i t h i n a s m a l l enough t i m e o f t h e passage o f t h e p a r t i c l e . 
Such d e t e c t o r s , a l t h o u g h h i g h l y complex and s o p h i s t i c a t e d w i l l 
d o u b t l e s s p r o v i d e t he s o l u t i o n s t o many o f tomorrow's problems as t h e 
e n e r g i e s o f t h e p a r t i c l e s i n v o l v e d i n e x p e r i m e n t s r each lOOOGeV 
and b e y o n d . 
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A P P E N D I X A 
THE SOLUTION OF POISSONS EQUATION BY RELAXATION 
The b a s i s o f t h e method i s t h e r e p l a c e m e n t o f t h e d e r i v a t i v e s i n 
t h e d i f f e r e n t i a l e q u a t i o n by f i n i t e d i f f e r e n c e a p p r o x i m a t i o n s and t h e 
subsequen t a p p r o x i m a t e s o l u t i o n o f t h e r e s u l t i n g a l g e b r a i c e q u a t i o n . 
C o n s i d e r f i r s t t h e s i m p l e d i f f e r e n t i a l e q u a t i o n 
^ + F ( x ) = 0 ( 1 ) 
d x z 
w i t h t h e tv/o p o i n t boundary c o n d i t i o n s y = y a when x = x and y = y ^ 
when x = x^ f o r a < b . 
I t i s supposed t h a t F ( x ) i s a f u n c t i o n o f x known a t e q u a l l y spaced 
i n t e r v a l s i n t h e r e g i o n ( a , b ) . The s o l u t i o n i n y c o r r e s p o n d s t o t h e known 
v a l u e s o f x . 
C o n s i d e r t h e r e g i o n d i v i d e d i n t o equa l i n t e r v a l s o f w i d t h h and x ^ j 
X q , x^ a r e c o n s e c u t i v e p o i n t s i n t h e r e g i o n 
h h x i n c r e a s i n g 
— i 1 — — i 1 • 1— 
x X X--* X X-. X*~* Xt 
a 3 o 1 I 
The T a y l o r e x p a n s i o n i n t h e n e i g h b o u r h o o d x = x i s 
2 ° 
f ( x ) . v + ( x - x J ( & \ + ~ X o ) ( & \ + . . . 
o 0 \d*Jo 2 1 V d x V o 
Now x , = x + h and x 0 = x - h 1 o 3 o 
L e t y = y ^ when x = x^ 
and y = y ^ when x = x^ ^ 
o 
o 
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A d d i n g 2 and 3 g i v e s 
y 1 + y 0 = 2y + h 2 ( J + te rms i n and above 
1 * 0 \ d x V 
o 
N e g l e c t i n g t he se h i g h e r o r d e r t e r m s we can r e p l a c e t h e d i f f e r e n t i a l 
e q u a t i o n ( l ) i n t h e . n e i g h b o u r h o o d o f x = x by t h e a l g e b r a i c e q u a t i o n 
o 
y + y 3 = 2 y o - h 2 F ( x ) as ^ - - F ( x ) 
dx 
o r y x + y 3 = 2 y Q + h 2 F ( X Q ) = 0 ( 4 ) 
There i s an a l g e b r a i c e q u a t i o n o f t h e f o r m o f ( 4 ) a t each p o i n t o f 
s u b d i v i s i o n . , Hence we g e t a s e t o f s i m u l t a n e o u s a l g e b r a i c e q u a t i o n s 
t o s o l v e o f w h i c h e q u a t i o n ( 4 ) i s t y p i c a l . 
2 
We w r i t e R = y . + y_ - 2y + h F ( x ) i s t h e r e s i d u a l a t x = x . 
o ' 1 ' 3 1o o o 
A u n i t i n c r e m e n t i n t he v a l u e o f y a t a g i v e n p o i n t ( i . e . y ) 
dec reases t h e v a l u e o f R by 2 . B u t R , and R 0 each c o n t a i n t h e t e r m 
o ' 1 o 
y and each o f t he se r e s i d u a l i s i n c r e a s e d by 1 due t o the i n c r e m e n t , o ' 
Thus f o r A y Q = 1 t h e e f f e c t on t h e r e s i d u a l s can be r e p r e s e n t e d by t h e 
p a t t e r n 
chosen p o i n t 
T h i s h o l d s f o r a l l p o i n t s , e x c e p t t h e f i r s t and t h e l a s t . 
F o r t h e f i r s t p o i n t 
chosen p o i n t 
f o r t h e l a s t p o i n t ( + 1 ) — ( -2J 
chosen p o i n t 
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Procedure 
a ) t h e ranqe x = x t o x = x, i s s u b d i v i d e d such t h a t x - x , = h 
y a b n n - 1 
and t h e v a l u e s y = y g and y = y ^ i n s e r t e d a t t h e end p o i n t s ; 
quesses a r e t h e n made f o r y a t each p o i n t . 
b ) Us ing t h e guesses t h e r e s i d u a l s are t h e n c a l c u l a t e d f o r 
each p o i n t . 
R o = y l + Y 3 " 2 y o + ( x ) 
c ) A f t e r o b t a i n i n g a l l t h e r e s i d u a l s t h e l a r g e s t i s l o c a t e d and 
removed by a s u i t a b l e i n c r e m e n t i n y a t t h i s p o i n t y ~ Ro. « T h i s 
2 
i n c r e m e n t i n c r e a s e s t h e r e s i d u a l o f t h e n e i g h b o u r i n g p o i n t s by y . 
The p roces s i s t h u s r e p e a t e d u n t i l t h e a b s o l u t e v a l u e o f t h e r e s i d u a l s 
i s < 2 and t h e a l g e r b r a i c sum o f t h e r e s i d u a l s i s ~ 0 . 
d ) The r e s u l t i n g v a l u e s o f y ^ a r e t h e n t h e a p p r o x i m a t e s o l u t i o n 
o f t h e g i v e n e q u a t i o n a t p o i n t s x^* 
The above method may be e x t e n d e d t o s o l v e Po i s sons e q u a t i o n i n 
two d i m e n s i o n s c 
£ y + £ y + F ( x y ) a o ( 5 ) 
dx 2 dyZ 
w i t h t h e v a l u e s o f V p r e s c r i b e d on t h e boundary o f a g i v e n p l ane a r e a . 
The p l a n e a rea o v e r w h i c h i n t e g r a t i o n i s t o be p e r f o r m e d i s s u b -
d i v i d e d by a u n i f o r m n e t w o r k and t h e v a l u e s o f t h e r e q u i r e d f u n c t i o n 
V a r e c a l c u l a t e d a t t h e n o d e l p o i n t s o f the n e t w o r k . A square n e t w o r k 
i s u s u a l l y u s e d . 
L e t us c o n s i d e r t h e square n e t w o r k o f s i d e h . 
We can w r i t e a f i n i t e d i f f e r e n c e a p p r o x i m a t i o n t o e q u a t i o n ( 5 ) 
i n t e r m s o f t h e v a l u e s o f V a t t h e p o i n t s l a b e l l e d 0 , 1 ,2 ,3 
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F o l l o w i n g 4 we have 
V 1 + V 3 = 2 V O = h 2 ( ~ | ) - 6 ) 
\ ox / G 
S i m i l a r l y V 2 + V 4 ~ 2 V q -h^iS^ . . . 7 ) 
V a y 2 / o 
A d d i n g - 6 ) and - 7 ) g i v e s 
S O + ( f t 
d x / 0 \ d y / o 
T h i s can be w r i t t e n u s i n g - 5 ) as 
( V 1 + V 2 + V 3 + V 4 - 4 V O ) . . . ( 8 ) 
V . + Vn + V „ + V . - 4 V + h 2 F (x y ) = 0 1 2 3 4 o oo . . . ( 9 ) 
There i s a s i m i l a r e q u a t i o n a t each n o d e l p o i n t and we g e t a s e t o f 
s i m u l t a n e o u s a l g e r b r a i c e q u a t i o n s . 
The r e l a x a t i o n p a t t e r n f o r u n i t i n c r e m e n t s a t each chosen p o i n t a r e t h u s : 
chosen p o i n t 
As b e f o r e the v a l u e s o f V f o r each n o d e l p o i n t a re guessed and t h e i r 
r e s p e c t i v e r e s i d u a l s c a l c u l a t e d . The r e s i d u a l as a re t h e n s y s t i m a t i c a i l y 
r e d u c e d u n t i l t h e y have an a b s o l u t e magni tude o f < 3 . When t h e t o t a l o f 
a l l t h e r e s i d u a l s i s a p p r o x i m a t e l y ze ro and when i n d i v i d u a l p o s i t i v e and 
n e g a t i v e r e s i d u a l s a re w e l l d i s t r i b u t e d ove r t h e area o f i n t e g r a t i o n , t h e 
v a l u e s o f V a t t h e n o d e l p o i n t s t e n d t owards t h e s o l u t i o n o f t h e 
d i f f e r e n t i a l e q u a t i o n - 5 ) a t t hose p o i n t s . 
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A P P E N D I X B 
ANGILLIARY ELECTRONICS 
( a ) DP5 
The DP5 i s a p u l s e a m p l i f i e r w h i c h g e n e r a t e s , on r e c e i p t o f an EG 
and G l o g i c s i g n a l (-700mV; 5 0 n s e c ; 5 0 f t ) a 5kV p u l s e w i t h a r i s e t i m e 
o f 20nsec and a d e l a y o f ~ -&0nsec . The c i r c u i t i s r e l a t i v e l y immune t o 
r . f . i n t e r f e r e n c e and t h e u n i t now d r i v i n g t h e s t r e a m e r chamber has r u n 
r e l i a b l y f o r > 10^ p u l s e s . 
The b a s i s o f t h e c i r c u i t i s an ava lancheMarx g e n e r a t o r (l) C?-) and t h e 
b a s i c e l e m e n t o f t h e Marx c i r c u i t i s a 2N2219 t r a n s i s t o r w i r e d i n t h e 
f o r m o f an a v a l a n c t e d i o d e ^ F i g u r e B . 1 , About T5% of 2N2219 's pu rchased w i l l 
o p e r a t e i n t h i s mode hence t h e t r a n s i s t o r s must be i n d i v i d u a l l y t e s t e d 
b e f o r e u se . I f t h e c o l l e c t o r e m i t t e r v o l t a g e V ^ ^ i . e . t h e a p p l i e d v o l t a g e 
p l u s t h e i n p u t v o l t a g e , exceeds 250 v o l t s , t h e n t h e t r a n s i s t o r w i l l 
avalanche and t h e c a p a c i t o r C w h i c h has been c h a r g e d t o E via R^ and R g , 
w i l l be i n s e r i e s w i t h t h e i n p u t v o l t a g e i n c r e a s i n g i t s h e i g h t by ~ 100V 
f o r 150< E< 2 4 0 . The r e m a i n d e r o f t h e v o l t a g e a c r o s s t h e c a p a c i t o r i s 
d r o p p e d a c r o s s t h e t r a n s i s t o r . The t i m e f r o m i n p u t s i g n a l t o o u t p u t i s 
d e t e r m i n e d by t h e q u i e s c e n t c u r r e n t t h r o u g h t h e t r a n s i s t o r . The n e a r e r 
t h i s i s t o t h a t r e q u i r e d t o p roduce an ava landie t h e s h o r t e r w i l l be the. 
d e l a y t i m e . However , o p e r a t i n g nea r t h i s p o i n t t h e c i r c u i t i s v e r y u n s t a b l e 
and s u s c e p t a b l e to power s u p p l y d r i f t and r . f . i n t e r f e r e n c e . R e s i s t o r s 
R ^ , R ^ , Rg a r e t h e r e f o r e chosen t o g i v e a s u i t a b l e compromise be tween 
speed and s t a b i l i t y . The ave rage power d i s s i p a t i o n depends upon t h e 
p u l s e r e p e t i t i o n f r e q u e n c y and upon t h e v a l u e o f the energy s t o r a g e 
c a p a c i t o r C. A d d i t i o n a l power i s d i s s i p a t e d because o f t h e i d l i n g 
c u r r e n t and v o l t a g e . 
I n t h i s c i r c u i t 14 such s t ages a r e u s e d , F i g u r e B . 2 . The f i r s t s tage 
i s base t r i g g e r e d f r o m a l o w v o l t a g e t r a n s i s t o r i n t e r f a c e . I t a l s o has 
R 1 
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i t s e m i t t e r c o n n e c t e d t o g r o u n d t o m i n i m i s e t h e r e s i s t a n c e i n t h e d i s c h a r g e 
p a t h . T h i s i n c r e a s e s t h e h e a t d i s s i p a t i o n o f t h i s s tage and makes t h e 
use o f a h e a t s i n k n e c e s s a r y . The d e l a y between t h e r e c e i p t a t t h e i n p u t 
o f a 700mV l o g i c s i g n a l and t h e o u t p u t a t t h e 1 4 t h s tage o f a l . 5 k V p u l s e 
i s 17nsec . The r i s e t i m e i s l o 5 n s e c . The r i s e t i m e and d e l a y a re v e r y 
dependent upon s t r a y r e a c t a n c e and ca re must be e x e r c i s e d i n r e d u c i n g 
t h e s e q u a n t i t i e s . 
A m p l i f i c a t i o n f r o m 1.5kV t o 5kV i s p e r f o r m e d by a t r i g a t r o n spa rk 
gap ( 3 ) . A b a r i u m t i t a n a t e c o l l a r s u r r o u n d s t h e c e n t r a l tungsten e l e c t r o d e 
t o i n c r e a s e t h e e l e c t r i c f i e l d p roduced by t h e 1.5kV p u l s e a t t h e 
e l e c t r o d e t i p and hence a l l o w o p e r a t i o n of the spa rk gap a t low t r i g g e r i n g 
v o l t a g e s . The o u t p u t o f t h e s p a r k gap i s a 5kV p u l s e w i t h a r i s e t i m e o f 
20nsec and c o n s t i t u t e s t h e o u t p u t o f the DP5. F i g u r e B.3 i s an o s c i l l o g r a m 
o f t h e sum o f t h e i n p u t l o g i c s i g n a l and the 5kV o u t p u t p u l s e , showing i t s 
r i s e t i m e and d e l a y . The o p e r a t i n g range o f t h e spark gap i s o n l y a 
f e w h u n d r e d v o l t s F i g u r e B . 4 and a c c u r a t e a d j u s t m e n t o f t h e gap i s 
n ece s sa r y f o r r e l i a b l e o p e r a t i o n . The u n i t i s housed i n a s t a n d a r d EG 
and G module w h i c h i s powered by an M104 type b i n w i r e d t o g i v e 200 v o l t s 
f o r t h e a v a l a n c h e t r a n s i s t o r c i r c u i t o The i n p u t i n t e r f a c e i s powered by t h e 
s t a n d a r d +10 v o l t l i n e f r o m t h e b i n and the 5kV f o r t h e spark gap i s 
s u p p l i e d f r o m an e x t e r n a l sou rce t h r o u g h the f r o n t p a n e l . 
The l a y o u t i n s i d e t h e module i s des igned t o m i n i m i s e back p u l s e s , 
t y p i c a l l y 200mV and s e l f t r i g g e r i n g . The s p a r k gap i s mounted w i t h i t s 
a x i s on l i n e w i t h t r a n s i s t o r i s e d p a r t o f t h e c i r c u i t as the r a d i a t i o n f r o m 
such a s p a r k gap i s l e a s t i n t h i s d i r e c t i o n . The i n p u t i n t e r f a c e i s 
s h i e l d e d f r o m t h e r e s t o f t h e c i r c u i t by m o u n t i n g i t i n a b ra s s e n c l o s u r e 
on t h e s i d e o f t h e m o d u l e « A l l i n t e r n a l c o n n e c t i o n s a re by c a r e f u l l y • 
e a r t h e d sc reened c a b l e . 
FIGURE B . 3 
THE DP5 HIGH VOLTAGE PULSER ITS INPUT AND OUTPUT 
VERTICAL SENSITIVITY INPUT 5O0mV/cm 
OUTPUT 2kV/cm 
HORIZONTAL SENSITIVITY 20nsec/cm 
• mm m 
mm* 
DP 5 SPARK GAP 
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10-0 
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-» ' 1 I 
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( b ) DG 128 F i g u r e B .5 
The DG128 i s an EG and G c o m p a t i b l e gate g e n e r a t o r which p r o d u c e s , 
on r e c e i p t of a l o g i c p u l s e (~700mV; 10 nsoc; 50 ft ) a + 20 v o l t ga t e o f 
l e n g t h 0 „ 1 t o 1 5 . 5 seconds i n s t e p s o f 0 . 1 , o r 1 t o 155 seconds i n s t eps 
o f 1 .0 o r 10 t o 1550 seconds i n s t e p s o f 10 o There i s a random e r r o r o f 
+ 0 .0125 s e c o n d s , + 0 .125 seconds and + 1.25 seconds on each range 
r e s p e c t i v e l y , ^he re i s a l s o an e r r o r dependent on t h e a c c u r a c y o f t h e 
c l o c k i n t h e DG128. The c l o c k i s a s i m p l e a s t a b l e m u l t i v i b r a t o r , t h e 
t u n i n g c a p a c i t o r s b e i n g s w i t c h a b l e t o g i v e t h e t h r e e t i m e ranges o f t h e 
d e v i c e . The b a s i c f r e q u e n c i e s a re 4 0 , 4 and 0 . 4 Hz; t hese can be a d j u s t e d 
by a t r i m m e r p o t e n t i o m e t e r t o w i t h i n 1%. 
The i n p u t s i g n a l , a f t e r a m p l i f i c a t i o n by a s m a l l t r a n s i s t o r i n t e r f a c e , 
s e t s a l a t c h c o n s i s t i n g o f two o f t h e NAND gates o f an FJH 1 3 1 . The l a t c h 
t h e n opens a g a t e a l l o w i n g t h e o u t p u t f r o m the c l o c k t o pass i n t o a t e n 
s t age a synchronous b i n a r y up c o u n t e r (FJH 121's)<> The f i r s t two s t ages 
o f t h e c o u n t e r a l l o w t h e c l o c k f r e q u e n c y t o be i n c r e a s e d t o f o u r t i m e s t h e 
minimum t i m e p e r i o d o f t h e d e v i c e on each range and thence t h i s r educes the 
s t a r t i n g e r r o r t o +0 .125 o f t h i s p e r i o d . 
The d u r a t i o n o f the g a t e p u l s e i s d e t e r m i n e d by the p o s i t i o n o f e i g h t 
d o u b l e p o l e , d o u b l e t h r o w s w i t c h e s . Each i s f e d by the o u t p u t o f one o f t h e 
s t ages o f t he c o u n t e r and a l s o by ' o n e ' and ' nough t* l o g i c l e v e l s . There 
a r e two o u t p u t s f r o m each s w i t c h : one passes d i r e c t l y t o one o f t h e i n p u t s 
o f an e i g h t i n p u t NAND ga t e F J H 1 0 1 , t h e o t h e r i s i n v e r t e d b e f o r e p a s s i n g 
t o one o f the i n p u t s o f a s i m i l a r g a t e . 
When a p a r t i c u l a r s w i t c h i s depressed the r e s p e c t i v e c o u n t e r o u t p u t 
i s f e d d i r e c t l y t o t h e f i r s t NAND g a t e and a l o g i c a l " n o u g h t 1 s t a t e t o t h e 
i n v e r t e r b e f o r e t h e second NAND g a t e . I f a s w i t c h i s not d e p r e s s e d , i h e n 
t h e f i r s t NAND ga te i s f e d w i t h the l o g i c a l ' o n e ' s t a t e and t h e r e s p e c t i v e 
c o u n t e r o u t p u t i s connec ted t o t h e i n v e r t e r b e f o r e the second NAND g a t e 0 
T h u s . t h e f i r s t NAND ga te w i l l change s t a t e when t h e ' o n e ' s t a t e s c o r r e s p o n d i 
t o t h e number s e t by the s w i t c h e s o ccu r and t h e second NAND c a t e w i l l 
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change s t a t e when a l l the 'noughts' occur. Hence a coincidence i n the 
outputs of the NAND gates i n d i c a t e s t h a t the counter has reached the 
number set by the switches. This i s detected by a f u r t h e r two i n p u t 
NAND gate FJH131 } t h e output of which operates the r e s e t l i n e of the 
counter and resets the l a t c h , t h u s disconnecting the clock from the 
counter. The output from the l a t c h i s also a m p l i f i e d t o +20 volts*and 
represents the output of the DG 128. A small lamp i s also operated 
by t h i s p a r t of the c i r c u i t } i n d i c a t i n g when l i t , the 'on' state of 
the g a t i n g pulse« 
The whole c i r c u i t i s housed i n a standard EG and G module and 
powered by an M104 b i n . The f r o n t panel contains the input socket, 
the t i m i n g switches, a s t a r t and stop buttons,the lamp and a clock 
frequency c o n t r o l . The output from the device i s on pi n 22 of the power 
socket a t the rear of the module, 
(c) DCU 
The DCU i s a s e l f powered EG and G compatible c y c l i n g u n i t which 
on r e c e i p t of l o g i c pulse (-L700mV„ > 10 nsec, 50.ft) i s designed t o supply 
power t o s i x outputs f o r periods of 0 to 3 seconds a t predetermined : 
times during the c y c l i n g time of s i x seconds. The outputs are c o n t r o l l e d 
by microswitches which are closed and opened by preset cams on the shaft 
o f a .synchronous motor. The motor i s geared t o give a shaft speed of 
l/6 RPM. 
The e l e c t r o n i c s which c o n t r o l s the motor are shown i n Figure B.6 
The EG and G l o g i c pulse i s a m p l i f i e d and inverted t o a l e v e l s u f f i c i e n t 
t o d r i v e the f i r s t NAND gate of an FJH 131 which i s used as a simple pulse 
shaper. The output from t h i s gate sets a l a t c h c o n s i s t i n g of two more 
of the HAND gates of the FJH131 wired i n the form of a f l i p - f l o p , ^he 
output of the l a t c h which has now gone p o s i t i v e i s then a m p l i f i e d by a 
sin g l e BFY50 and switches a r e l a y which supplies power (240v ac) t o the 
motor d r i v i n g the cams<> One of the cams driven microswitches i s set to 
close a f t e r one r e v o l u t i o n of the s h a f t and charges a 0.1// F condenser 
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v i a a 10 ft r e s i s t o r thereby generating a Ijl sec long pulse which,after 
shaping i n the remainingNAND gate of the FJH 131^resets the l a t c h and 
stops the motor. The motor may then be r e s t a r t e d by a f u r t h e r pulse 
applied to the inputo The 0<, 1/^ F condenser then discharges i t s e l f v i a 
a l M f l r e s i s t o r when the microswitch opens during the f o l l o w i n g c y c l e , 
ready t o terminate the cycle again a f t e r one r e v o l u t i o n . The discharge 
time constant i s made lon g , 0.1 seconds, to avoid m u l t i p l e pulsing, when 
the contacts of the microswitch bounce on closure. The f i v e remaining 
microswitches c o n t r o l l e d by the cams are used t o switch power i n t u r n 
t o cameras, f i d u c i a l s , etc. as r e q u i r e d . Over-riding buttons are also 
used t o d r i v e each output independently. The two DC voltage l e v e l s 
r e q u i r e d by the c i r c u i t are 10 V f o r the t r a n s i s t o r s and 5V f o r the IC„ 
These are generated i n t e r n a l l y by two single t r a n s i s t o r s zener c o n t r o l l e d 
r e g u l a t o r s which are d r i v e n by a bridge r e c t i f i e r . High frequency 
smoothing i s performed by ceramic condensers on a l l power l i n e s . The 
whole device i s housed i n a screened, rack mounted enclosure. The 
e l e c t r o n i c s are i n a compartment separated from the motor and the micro-
switches which are a source of switching t r a n s i e n t s and are i n d i v i d u a l l y 
suppressed by simple RC networks. 
Power is supplied through screened cable t o the device v i a a mains 
i n t e r f e r e n c e f i l t e r c o n s i s t i n g of an 10 rr network on both the l i v e and 
ne u t r a l l i n e s . These f i l t e r s are housed i n a screened enclosure mounted 
at the rear. A l l i n t e r n a l w i r i n g i s also screened. 
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